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! 0 I NTRODUCT ION 
1.1 Statement of the Problem 
The behavfor of reinforced concrete structures subjected to strong 
base mot;ons is not yet we11 defined or understood. The nonlinear response 
that statically loaded members or subcomponents exhibit when loaded into the 
inelastic range is significant in that it rules out the validity of designs 
based on elastIc analyses. This Investigation has been aimed at providing 
some insight into the complex behavior of reinforced concrete frames sub-
jected to controlled, h gh-intensity base motions. 
Al I structures exh b~t varying amounts of .nonlinearity even at the 
so-called sma]1 displacement stage. For most metal structures, however, 
design can rely on a i~near analysis if deformations do not bring about yield-
ing at critical cross sections" A response spectrum - normal mode type solu-
tion may then be adequate" For reinforced concrete structures on the other 
hand, the basic nonlinear properties of the materials and the complicated 
effects that cracks have on overa11 stiffness properties rul~ out the validity 
of a modal solution. in order to develop a realistic model for the mathe-
mati cal representation of reinforced concrete systems subjected to earthquakes, 
the response of isolated components or simplified models should be experi-
mentallY invest~gated and ana]yzedo 
Because of the rather recent development of earthquake simulating 
systems, literature on the dynamic testing of scaled reinforced concrete 
structures to failure under controlled base motions is rather sparse. Takeda, 
.1.. 
et al. (1970)~ subjected single column specimens (which were externally 
References are arranged in alphabetical order in the List of References. 
The number in parentheses refers to the year of publication. 
2 
determInate) to steady-state and s mu1ated earthquake mot!ons and found good 
agreement between observed response and that calculated using a proposed 
model which took Into account the past loading history of the specimen to 
determine ~he stiffness properties at any given time. This work relates to 
the testing and analysis of indeterminate reinforced concrete systems. 
1.2 Object and Scope 
The work descr;bed !n this report lS part of an investigation of 
the resistance of reinforced con=rere structures to earthquake motions with 
the overall objective of deve~oping a realistic analytical model for the 
calculation of the response of reinforced concrete systems subjected to 
earthquakes. The ~nve5tigation comprises the analyses and testing of simpl i-
fied components and models of reinforced concrete structures subjected to 
controlled base motions. 
This report con:ains results and analyses of static and dynamic 
tests of one-story~ one-bay frames. A total of eleven specimens representing 
either one-e ghth O~ one-fourth scale models of such frames were tested. 
They can be grOGped as fOI lows in relation to size and testing conditions: 
DynamIC Base Motion 
Specfmen Type St3t c Loading Steady-State Simulated Earthquake 
Small Sca'i e HS 1 ~ HS2, HS3 H 01 , HD2 HE 1 , HE2 
Large Sca 1 e FS 1 FDl FE 1 , FE2 
The sma~l scaie rest frames (designated Series H) had 2.5-in. x 
2.5-inocolumns wh!ch had a free height of 13.0 ino The large scale specimens 
3 
(designated Series F) had twice the linear dimensions of those of Series H. 
Specifically, the objectives of the investigation were as fol lows: 
1. To study the response, in terms of acceleration, displacement 
and energy dissipation, of the test frames when subjected to 
as severe base motions as to cause yielding of the reinforce-
ment at the critical cross sections; 
2. To determine the relationship between static and dynamic 
behavfor and strength; 
30 To determine an ana1yt cal mode w~th which observed response 
can be calculated. 
1.3 Rev!ew of Previous Research 
The effect of the nonlinear behavior of components on the overall 
dynamic response of structures has been a major concern for research. In 
the discussion to follow some re~ated analytical work will be briefly pre-
sented. Next, some exper;mental studies concerned primarily with the 
behavior of ~elntorced concrete substructures subjected to reversible 
10ad~ng w~'l i be QUII ~nedo 
Caughey (1960) and Veletsos and Newmark (1960) investigated the 
response of s~mple osc; !lators with elasto-plastic force-displacement re-
lationshtps to period'c and ear-thquake base motions, respectivelyo The 
former presented expressIons for the resonant frequency as a function of 
amplitude and'for the amplitude of the resonant response while the latter 
gave approximate ru~es for determining maximum response of such oscillators 
from response spectra fot linear systems. 
4 
The principal advantage of represent~ng structural response in 
terms of an elasto-plastic force-displacement relationship is its simpl icity. 
Jennings (1963) stud~ed a more general class of yielding structures (which 
incidentally fncluded the e~astic and elasto-plastic behavior as two special 
cases) and obta~ned explncit expressIons for the energy dissipated per cycle 
under steady-state cond\tjons~ the resonant amplitude and the equivalent 
viscous damping factor. For the class of structures considered, he con-
cluded that a maximum equivalent damping factor of approximately 0.16 could 
be attributed to y~elding. 
Hanson (1965) carr~ed out a study of the post-elastic" dynamic re-
sponse of scaied mi":d steel structures. ijt was determined that, for most 
practical purposes, the force-displacement relationship was the same for 
both static and dynamic response and that this relationship could be repre-
sentedby an expression of the type that Jennings (1963) had proposed. 
The inelastic response of multistory structures subjected to earth-
quake motions was studied by Goel (1967) who considered frames in which 
columns remained elastic but girders yielded according to a prescribed law. 
One of the main conclusions of this nvestigation was that because of the 
yielding of the girders and the dissipation of energy that took place there, 
response tended to decrease to approxlmately one-half of that indicated by 
a linear analysis. 
Giberson (1967) made a s~milar study in which the energy dissipa-
tion in the girders was accounted for by a bilinear type of moment-rotation 
relationship existing over a finite length. 
5 
~n order to simulate the behavior of reinforced concrete beam-
column joints subjected to reversible loading, C·1ough and Johnston (1966) 
defined a stiffness-degrading model. Studies of mu1ti-degree-of-freedom 
shear type systems with this kind of force-displacement relationship indi-
cated that the change in the stiffness (or natural period) of the system 
tended to eliminate the resonant characteristics of the response and to 
reduce it. 
To approach an understanding of how a reinforced concrete sub-
structure might be expected to behave under earthquake loading, a logical 
point of start would be to subject scaled specimens to static reversible 
loading. Burns and Siess (1962) reported the behavior of a limited number 
of beam-column connections subjected to reversed loading. It was noted that 
the ultimate load could be developed in one direction after it had been de-
veloped in the opposite direction; however, the slopes of the force-displace-
ment curves in the two directions were likely to differ because of the 
Bauschinger effect in the reinforcement. 
Aoyama (1964) conducted tests on beam-column connections and 
attempted to calculate the shape of the force-displacement curve during the 
first reversal analytically. His conclusions were that the most important 
parameLers affectlng behavior under force. reversals were the point from 
which reversal was initiated and the axial load in the member. Also, in-
creasing axial load transformed the shape of the force-displacement curve 
from an approximate parallellogram to a spindle. 
Bertero and McClure (1964) subjected small-scale portal frames to 
repeated reversible loads and pointed out that the reduction of bond at 
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critical sections and the degradation of the average stiffness were drastic. 
However, the lateral strength eouid sti 11 be developed if failure due to 
causes other than bending could be avoided by proper detailing. It should 
be noted that the frames tested jacked appreciable ax~al stresses in the 
columnsn 
Ag rawa L?_ et ,a 1 0 (1965), a t tempted to p red i ct the mornen t- cu rva t u re 
relationship of doublY reinforced beams subjected to repeated and reversed 
loading and reported good averal'j agreement. However~ it was noted that 
under reversible load~ng to past yield) an elasto-plastic approxlmat~on 
would be insufficient to represen~ actual behavior. 
Hanson and Connor (1967) reported findings from the testing of 
beam-column jolnts under load reversals. it was concluded that well-detailed 
joints with appropriate amounts of transverse reinforcement could be expected 
to yield high values ,of =umulat~ve ductility while maintain~ng their strength. 
Monnier (1969) described experimental and theoretical research 
performed with respect to the moment-curvature relationship of reinforced 
concrete beams. The shape of the M-¢diagram under different conditions ,of 
loading history was one of the main objectives of this study. it was con-
cluded that this d~agram could be sat~sfactorily arrived at from the dfagram 
for fi rst-time ioad1ng, I ,en, "[he primary curveo 
1.4 Notat~or: 
All symbols used ~n the text are defined when they are first intro-
ducedo For convenient reference, they have been listed below. 
A 
A 
s 
I 
A 
s 
b 
c 
c 
o 
c 
C 
I 
C 
S 
d 
I 
d 
D 
D 
Y 
E 
c 
i 
E 
c 
E 
s 
f 
c 
i 
f 
c 
f 
s 
f 
s 
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gross area of a cross section 
area of tensile reinforcement 
= area of compressive reinforcement 
width of a cross section 
= depth to the neutral axis; constant of proportional ity of a 
linear vlscousdashpot 
constant of proportional ity of the damping force 
constants~ defined by Eq. 7.12 
compressive force in the concrete 
force in the compressive reinforcement 
effective depth of a cross section 
distance from the top concrete fiber to the centroid of the 
compressive reinforcement 
diameter of a reinforcing bar; maximum displacement attained 
on the primary curve; deflection 
dlsp1acement at yield 
In;tiai modulus of elasticity of concrete, given by Eq. 3.3 
secant modulus of elasticity of concrete 
modulus of elasticity of steel 
compressive stress in the top concrete fiber; stress in the 
conc:'ete 
compressive strength of concrete 
stress in the tensile reinforcement at an ultimate concrete 
strain 
= stress in the compressive reinforcement 
1= 
't 
f y 
F 
o 
g 
G 
hb 
h 
c 
I 
h 
c 
k 
k 
k. 
I 
m 
M 
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spl ittlng stiength of concrete 
= yieid stress of the reinforcement 
magnitude of the exciting force 
damping force 
acceleration of gravity, 386 in.!sec2 
acceleration of gravity; shear modulus of concrete 
one-half the total depth of the top girder 
clear height of a column 
clear height of a column pius half the total depth of the top 
girder 
momenL of inertia of a cross section 
= stlffness 
instantaneous stiffness 
= !nltial slope of the primary curve 
a constant which averages the stress in the concrete 
= a constant which locates the centroid of the compressive stress 
block from the top concrete fiber 
development length of Lhe reinforcement 
~ength of the top girder 
mass 
bending moment 
moment existing at the centerl ine of the top girder 
cracking moment 
yield moment 
numericai values of the moments at the bottom and top of the 
columns in a frame, indicated in Fig. 3.4 
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p(x) restoring force 
P lateral force 
P lateral force at cracking 
cr 
P lateral force at yield y 
q equivalent uniform stress 
S = return slope 
r 
S = slope obtained by joining the coordinates at yield in one direc-y 
t 
T 
T 
s 
u 
v 
w 
x 
x 
x 
y 
tion to the coordinates at cracking in the other direction of 
a prj mary curve 
total depth of a cross section; time; total duration of response 
duration of an acceleration record 
force in the tensile reinforcement 
unit bond stress 
verrical depression caused by the compressive stress block in 
the concrete, ind)cated in Fig. 3.6 
one-half the total added weight on a frame; total work done 
by the effect of the base acceleration on an oscillator 
total work done by the damping force 
tOIa! work done by the inertia force 
total work done by the spring force 
re:atlve displacement 
relative velocity 
relative acceleration 
uncorrected base velocity 
corrected base velocity 
base acceleration 
y (t) 
y;I_(t) 
z 
s 
!::.x 
!::.w 
.6W. 
i 
t 
c 
s 
o 
s 
s 
s 
s 
s y 
~ 
iO 
= uncorrected base acceleration 
= corrected base acceleration 
section modulus of the gross sectional area 
a positive constant 
fraction of crjtical damping ratto 
substitute damp!ng ratio 
= deflection contributed by bending 
= der:ection at yield 
deflection caused by the shear deformation 
deflecrlon caused by the II! ndentat i on, II [:' , I Ig. 3.6 
deflection caused by the bond s 1 i p 
increment of tlme 
increment of relative displacement 
increment of work done by the effect of the base acceleration 
on an oscillator 
increment of work done by the inertia force 
s t ra In 
= straIn rate 
compressive strain in the top concrete fiber 
stra~n at which the compressive strength of the concrete is 
attained s given by Eq. 3.2 
strain in the tensile reinforcement at an ultimate concrete 
strain 
strain in the compressive reinforcement 
yield strain of the reinforcement 
dummy var 1 ab! e 
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e angle~ indicated in Fi g. 3.6 
e angle, indicated in Fi g. 3.6 
A time scale 
v Poisson's ratio 
¢ curvature 
¢cr curvature at cracking 
¢y curvature at yield 
w frequency of the exciting force; natural circular frequency 
w characteristic c~rcular frequency, defined in Eq. 7.17 
0 
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2. OUTLiNE OF THE EXPERiMENTAL PROGRAM 
The experimental program included the testing of a total of 11 
structural models of reinforced concrete portal frames. Seven of these 
frames, designated Series H, had exactly one-half the linear dimensions 
of the remaln(ng four, deslgnated Series F. The test structures repre-
sented approximately one-eighth and one-fourth models of full-scale frames 
but no specific actual structure was modeled. Figures Ae6 and A.7 of 
Appendix A, where a detalled description of the experimental program is 
given, Indicate the dimenSions of the frames of Series Hand F. 
Four of the Series H specimens and three of the Series F were 
tested by subjecting them to high level dynamic base motions on the Uni-
versityof i ilinois Earthquake Simulator which is described in Appendix C. 
As pOinted out fn the previous chapter, two specimens of Series H were 
subjected to sinusoidal base motions a total of six times each; the third 
and fourth specimens were subjected to simulated earthquakes two and three 
times, respectively. One specimen of Series F was subjected to sinusoidal 
base motions for a total of four times while the remaining two were sub-
jected to simulated earthquakes four and six times, respectively. 
A number of steel plates were bOlted on the specimens of both 
series so as to develop appreciable (with respect to the computed yield 
capacity of the specimen) lateral inertia forces during the base motion. 
These plates weighed 649 lb for Series Hand 4000 lb for Series Fe With 
the addition of effective weights, the total loads for the respective series 
became 690 lb and 4300 lb. The computed yield load for Series H was 1400 lb 
and for Series F, 7000 lb o 
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Paral lei to the dynamic testing phase of the program, static (or 
slowly varying) alternate loading tests were also run on the specimens. 
Three specimens of the H Series and one specimen of the F Series were tested 
in this manner. The complete results of the static tests are given in Ap-
pendix D, while Appendix A contains a description of the static testing 
hardwareo 
Specimens of Series H were fabricated using small-aggregate con-
crete and knur'led wi re reinforcement. Series F frames, on the other hand, 
were fabricated using pea-gravel. concrete and NOe 3 intermediate grade 
reinforcement. All pertinent material properties are given in Appendix Ao 
Based on the gross area, columns of Series H had a reinforcement ratio of 
0 0 016 and Series F, Oc0180 
An aiphanumeric mark consisting of three characters IS used to 
designate the specimenso The first character, which is either an H or an 
F, designates the series" The second character which is either D, E or S 
indicates how the specimens were tested: D stands for a " s teady-statell 
(sinusoidal base motion) test, E for a simulated earthquake test and S for 
a static test, The third character, which is a number~ indicates the 
sequence of testing, 
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30 THE STATiC FORCE-DiSPLACEMENT RELATIONSHIP 
3.1 I nt:--oductory Remarks 
Before attempting to predict the behavior of the test specimens 
subjected to dynamic base motions, an understanding of how they behave when 
subjected to slowly varying "static" alternating loads must be achieved. In 
this chapter, the calculation of the primary curve, i.e., the force-displacement 
relat!onship of an uncracked re1nforced concrete frame, is presented along with 
a model for predjcting behavior under subsequent load reversals. The results of 
all the statlc tests are· given in Appendix D, where lateral force-lateral 
deflection curves and the strain readings for part of the first cycle in those 
specimens instrumented with strain gages are plotted. Some of the force-
deflection curves of Appendix D wi 11 be presented here also to allow a compari-
son between predicted and actual behavior under static alternating loads. 
3,2 The Pr~mary Curve 
The load-deflection relationship constitutes an important general 
index for any structural member because it gives insight to safe working 
loads and IS usefu~ in assessing the capacity of the member to absorb energy. 
in this sect!on, a descdption of the parameters involved in computing the 
load-def ectlon relationships for the frames in both series will be given. 
The only differences between the load and deflection values for the respec-
tive series result from the pertinent material properties and dimensions. 
When the frame shown in Fig. 3.1 is subjected to a force in one 
direction, the response may be idealized into three stages of behavior: 
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1. The f~ rst stage is terminated by cracking of the concrete. 
Idea!ly, cracking occurs when the maximum tensi le stress in 
the frame exceeds the modulus of rupture. Actually, this 
reasoning is an oversimplification. Cracking is critica11y 
influenced by differential shrinkage stresses and stress con-
centrations at the reentrant corners. 
2. The second stage is terminated by yielding of the reinforce-
mentn Y~elding would not take place simultaneously at all 
four critical sections (or even at two sections at the same 
leve) because of the different axial loads prevailing) but a 
redistribution of internal stresses after anyone cross sec-
tion yie~ds would cause almost immediate yielding in the 
remaIning cross sections. 
3. After yielding has taken place, the force-displacement curve 
would continue with a much reduced slope depending on the 
material properties unti 1 visible crushing distress in the 
concrete would begin. In the absence of significant axial 
load in the columns, the force level could be sustained for 
a considerable time thereafter with increasing deflection 
resulting in gross distortions in geometry. 
The presence of axial load would affect the picture drawn above 
in three ways: 
1. Ductility would be decreased, 
2. Secondary moments would begin to cause instability conditions 
at advanced stages of deformation, and 
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3. Loads corresponding to cracking, yielding, and the ultimate 
would be higher. 
3.3 Computation of the Primary Curve 
The material properties of the frames tested in either series are 
given in Appendix A. Identical procedures were followed in determining the 
force-displacement curves. In what follows, a detailed presentation will be 
made of the computations and assumptions involved. 
The steel stress-strain relationships were assumed to be those 
shown in Figs. A.4 and A.5 for the two series, respectively. These were the 
average of all the coupons tested to determine the individual properties. 
Any deviations from the assumed values would result in almost directly pro-
portion'al deviations in the moment and, hence, lateral force values at those 
stages beyond initial yield. 
The geometrical properties of the frames used in the computations 
are shown in Fig. A.6 for Series H, and in Fig. A.7 for Series F, respec-
tively. Both figures also contain the locations of the reinforcement and 
the concrete cover. The actual dimensions and concrete covers as measured 
from each specimen are 1 isted in Table A.5. 
The concrete stress-strain relationship was adapted from Hognestad 
(1951). Accordingly, 
f f [ ;: _(£:)2J 0 s E ::; E C C 0 
(3.1) 
I [1 - 50 (£-£o)J f f E ';:: E 
C C 0 
wi th 
in wh i ch 
E 
o 
~ 
2f 
c 
-E-
c 
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30 x 10 6 E = ----~~~---
c 6 + 10,000 
f = 
C 
E = 
0 
E = 
c 
a 
f 
c 
compressive strength of the concrete 
I 
strain aI which f IS aItained, given by Eq. 3.2 
c 
initial modulus of elasticity of concrete, gi'ven by 
I 
Eq. 3.3 .(Hernandez, 1958), in ps i when f is a 1 so exp ressed 
c 
in ps i , 
F~gures 302 and 3,3 allow a comparison to be made between two 
measured stress-strain curves and those expressed by Eq. 3.10 The concrete 
compressive stresses for Series Hand F were taken to be 5700 and 5400 psi, 
respectively. A study of Table A.l will indicate that these are roughly 
the mean for the respective series. 
Series H had as column transverse reinforcement 0.063-in. diameter 
wire at 1.0 In, with a strength of 110,000 psi and Series F had 0.013-in. 
diameter wi re at 2.0 in. which had a strength of ~ppr6ximately74,000 psi. 
Although the maximum readable strain rarely exceeded 0.003 in 
test cyl inders (Table A.1), the decaying portion of the stress-strain curve 
was assumed to be represented by the second expression in Eq. 3.1, because 
concrete can develop much larger deformations in a zone subjected to strain 
gradients and confined by ties than it does in an unconfined cylinder test 
(Thomas and Sozen, 1963, Roy and Sozen, 1964, Burdette, 1969). 
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In addition to the two assumptions made above implicitly, namely, 
that stress in the concrete was uniquely related to the strains through Eq. 
3.1 and that the stresses in the reinforcement were u~iqueJy"related to"the 
strains and were identical to the relationship obtained by testing coupons, a 
number of additional assumptions were made to simplify computations: 
1. Strains in a cross section vary linearly, 
2. Concrete does not carry any tension, 
3. The longitudinal reinforcement does not carry any force by 
dowelling action, 
4. No stresses exist in the concrete or the reinforcement prior 
to the start of loading. Hence shrinkage stresses are presumed 
nonexistent. 
Cracking 
The curvature and deflection corresponding to first cracking were 
computed by assuming the section to be linearly elastic. The dimensions used 
were those indicated in Fig. A.6 for Series H and Fig. A.7 for Series F, 
respectively. The effect of the reinforcement was 19nored. 
Referring to Fig. 3.4 and using the actual dimensions from Figs. A.6 
and A.7, the numerical values of the moments at points 1 and 2, if the height 
of the column is taken as the clear height plus the distance to the center 
1 i ne of the top 9 i r de r, w 0 u 1 d be 
I 
Ml Ph 13.85 c " 
I 
M2 = Ph /4.17 c 
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in wh i ch 
P lateral force 
h height of column plus half the total depth of the top 
c 
girdero 
if, on the other hand, the clear height of the columns are used, 
these moments would be 
in which 
have been 
Ph /4.18 
c 
h = clear height of the column. 
c 
if the top g~rder had been infinitely rigid, these moments would 
Ph /4.0 
c 
!t was assumed in all the calculations that the top girder was 
infinitely rigid and the clear height was used as h
c
. The moment, Mb , ex-
isting at the center line of the top girder then becomes 
h /2 + hb 
( c h /2 ) 
c 
hb = half the total depth of the top girder. 
By taking a free-body of the top girder it can be shown that the axial load 
resulting from this moment existing in opposite directions in the two columns 
is numerical iy equal to 
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in which 
Lb = length of the top girder as indicated in Fig. 3.4. 
Reference wi 11 be made in what follows to the "compression
" 
column 
and the "tension
" 
column and this will indicate the direction of the axial 
force resulting from the overturning moment given by Eq. 3.5. 
Frames HSl and HS3 were tested statically with the same steel plates 
attached as their counterparts did when tested dynamically. It was noted, 
however, that whi 1e mounting the plates before a static test, small cracks 
appeared at critical sections due to the inevitable disturbances which took 
place during the process. Consequently, frames HS2 and FS1 were tested with 
no additional weights attached. Analyses were, therefore, made for the fo1-
lowing four conditions at all stages of loading: 
1. Compression column with no added weight, 
2. Tension column with no added weight, 
3. Compression column with added weight, 
4. Tension column with added weight. 
For Series H, steel plates totaling 649 1b were added during all dynamic tests. 
Considering the weight of the top girder also, the·additional weight on each 
column was about 344 lb. For Series F, each column was subjected to about 
2,145 1b during dynamic tests. In the computation of forces, the effect of 
moments resulting from these weights under gravity loading was neglected. 
In computing the cracking force forSeries H, the tensi 1e strength 
of concrete was taken as 500 ps i (from Append i x A, Eq. A.l, f t = 6. 5 ~ 
I 
gives 490 psi for f = 5700 psi) and for the Series F, it was taken as 400 psi 
c 
(also from Appendix A, Eq. A.1, f t = 5.5 W gives 405 psi for f' = 5400 psi). c c 
The gross section was used in computing moments of inertia. Accordingly, for 
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the case of no added weight, with Eq" 304 
M =- Z {f :!: l [2M cr(hc/2 -r hb)J} 
c( tAL h /2 b c 
(3.6a) 
in 'wh i ch 
Z section modulus for the gross sectional area 
A gross area af a cross section. 
The plus sIgn applies for the compression column and the minus sign 
app'l t es for the tens, an co I umn, I f the added we i gh t we re to be cons i de red, 
l h e to "I i ow i n 9 expression would have IO be used" {f t T h l) } 2M c , h I [w cr '2'1"' b (3.6b) M = Z A ± 
--r;- ( h /2 cr c 
in whl ch 
W half the total added weight. 
The lateral force corresponding to anyone of the four moments given 
by Eqs-3.6a and 3.6bwould then be found, in accordance with assumptions made 
earl I e;', from 
p 
cr 
4M /h 
c( 'C 
The curvatJre corresponding to any given moment was evaluated from 
I 
where E IS given by Eq. 3.3 for the appropriate value of f . 
c c 
(3. 7) 
The deflection corresponding to a given curvature was then found 
by simply lntegrating that curvature throughout the free height of the 
column. The average curvatures of the tension and compression columns were 
Metz Ref~Te~c2 E002 
~Cfvll Eng:1.r:e~":":" :~. ~~~rtme~ 
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used at the stage where deflections were computed, since both must deflect 
equally. 
Yield 
Distributions of strain and stress for this stage are shown in 
Fig. 3.5. In addition to the assumptions cited before, the assumption was 
made that the stress in the concrete could be found by taking a suitable 
reduced modulus of elasticity and using a triangular distribution of stress 
as shown in Fig. 3.5. For Series H, a secant modulus of elasticity of 3.4 x 
106 psi (versus 3.86 x 106 psi for the initial modulus) and for Series F, a 
value of 3.3 x 106 psi (versus 3.82 x 106 psi given by Eq. 3.3) were used. 
Referring to Fig. 3.5, the following relationships can be established by 
considerations of geometry and equilibrium: 
E + E 
¢y 
c y (3.8) d 
I 
E E - d ¢y (3.9) s c 
f = E E (3. 10) s s s 
E 
d c (3. 11) c 
E + E 
C Y 
I 
f E E (3. 12) 
c c c 
in whi ch 
E compressive s t ra in in the top concrete fiber 
c 
E = yield strain for the steel y 
d effective depth of the cross section 
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J 
E secant modulus of elasticity of the concrete 
c 
I 
d distance from the compressive fiber to the center of 
compressive reinforcement 
E = modulus of elasticity of steel 
s 
f = stress in the compressive reinforcement 
s 
c = depth to the neutral axis 
¢y curvature at yield 
E = 5 t ra in in compressive re info rcemen t s 
f = stress in the concrete top fiber: c 
The resultant forces are then 
c = ~. f bc c 2 c 
1. E I 2 bd E 2 c C E + E 
C Y 
I 
C = A E E s s s S 
J 
[E 
d 
+ E ) ] A - - (E E 
s c d c y s 
T = A f 
s s y 
in wh i ch 
b = width of the cross section 
J 
(3.14) 
(3. 15) 
A (equal to A ) 
s s 
area of the tensile (compressive) reinforcement 
C = compressive force in ·the concrete 
c 
C = force in the compressive reinforcement 
s 
T tensile force in the tensile reinforcement 
s 
fEE . 
Y s Y 
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The above forces would then give rise to the moment about the 
p 1 as tic cen t ro i d 
M 
Y 
d-d 
2 
I 
(T + C I) + (! - ~) C 
s s 2 3 c (3. 16) 
The difference between the compressive forces and the tensi le force must 
equal the added weight plus (or minus in the case of the "tensile" column) 
the effect of the moment in the top girder. That is, 
I 
C + C 
c s 
T 
s 
from Eq. 3.4, Mb can be expressed in terms of the moment at the top of a 
column which for this case is equal to M . 
Y 
h /2 + hb 
M (c h /2 ) 
y c 
I t w ill be s ee nth a t wh en Eq s. 3. 13 . t h ro ugh . 3 0 '1 6 are s'U b s tit ute din t 6 E q. 3. 1 7 , 
a rather complex equation in only one unknown, E , wi 11 result. The ca1cu-
c 
1ation can be simplified somewhat by assuming Mb = 0 and then solving for EC 
in Eq. 3.17 in quadratic form and then going to Eqso 3.13, 3.14 and 3.15 to get 
the stress resultants to substitute in Eq. '3.16 to get the moment. The right 
hand side of Eq. 3.17 can then:~e pro~erly revised and ~ new ~ found from it. 
c 
Th'j sway, in at mos t 3 i te rat ions, the y i e 1 d moment and the correspond i ng con-
crete strain, E , can be est~b1 ished. Again, the minus sign should be used 
c 
for the "tensi1e" column and W = 0 should be used for the case when there is 
no added weight. Having obta~ned M ,P can be obtained from Eq. 3.7 by re-y y 
placing the values corresponding to cracking by those corresponding to yield. 
in the calculation of the displacement, the average curvature of 
the "compressive" and "tensile" columns was used. In addition to the 
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contribution of curvature to displacement, three other effects were also In-
cluded: 
1. Displacement arising from shear deformaL.ons, 
2. Displacement caused by the !'indentation" of the concrete 
stress block in the bottom and top gi rders, and 
3. Displacement caused by the concentrated rotation which takes 
place at the "fixity" points of the columns due to the 51 ip-
page of the reinforcement along the anchorage length. 
I nth e f 0 1 1 ow i n 9 , ex pre 5 5 ion 5 w ill beg i ve n for each 0 n 2 c F the see f f e c t s . 
1. The deflection caused by the shear deformation is given by 
• ·2 P h 
y c 
2AG (3. 1 8) 
in wh i ch 
P 4 M /h , shear force acting on both columns y y c 
A gross sectional area 
G shear modulus of concrete assumed equal to E /2.30. 
c 
2. The meaning of "indentation" of concrete surface is illustrated 
in Fig. 3.6. Treating the bottom and the top gi rders as elastic 
half spaces and replacing the triangular stress block by an 
equivalent uniform distribution and assuming that the inden-
tation does not extend beyond the tensi le reinforcement, the 
f 0 1 1 0\-) i n g ex pre s 5 ion give s the val u e 0 f the ve r tic a 1 de pre s s ion 
at the middle of the equivalent uniform distribution (Timoshenko 
an d Good i e r, 1951). 
29 [c 1 d-c/2 + c 1 d-C/2] v = - og og ---TIE 2 c/2 2 c/2 
c 
l-v -
+ -- q c TIE 
c 
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in which 
q = equivalent uniform stress 
v - Poisson's ratio for concrete, assumed to be 0.15 
I 
The angle 8 can then be found from 
8 v = d-c/2 (3.20) 
The contribution of the indentation to the total deflection 
then becomes 
1::.2 = h 8 c 
I (3.21) 
3. The final additional component of the calculated deflection 
was assumed to have been caused by the sl ip of the tensi le rein-
forcement along its embedded length. The sl ip was calculated 
based on the assumption of a linear distribution of bond stress 
along the development length as rndicated in Fig. 3.6. The 
development length was found from the expression 
Df 
Y 
% (3.22) 
in which 
D = diameter of the bar 
u = unit bond stress. 
The elongation at the location of the crack then becomes 
the integral of the steel strain along the development length, 
which in the case of the linear variation corresponding to 
yield reduces to 
= 
£f 
--.::L 
2E 
s 
(3.23) 
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i'n wh I ch 
~~ elongation of the bar at the level of the hor~zontal 
crack. 
it was assumed that the width of the crack at the same 
location was equal to ~~. The angle e (Fig. 3.6) was then eval-
uated from 
e = d-c (3.24) 
The contribution of the siip to the total deflection then 
becomes 
~3 h e c (3.25) 
The unit bond stress, u, was assumed to be 300 psi for Series H 
(Fiorato, 1971) and 600 psi for Series F. 
in which 
The total displacement was then found from the following expression 
~ = y 
6b deflection coritributed by the bending evaluated by ~ntegrating 
the curvature due to bending through the column. 
Figure 3.7 indicates the assumption made in the d~str~bution of the curvature 
along the column length. The difference in the deflection obtained by the 
simplifying assumption and the probable distribution is negl igible. 
Ultimate 
The moment and curvature corresponding to an "ultimate" concrete 
strain were calculated using the idealized concrete stress-strain curve 
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expressed by Eq. 3.1. In Fig. 3.8, the strain and corresponding stress dis-
tribution for a given concrete strain E are shown. Since the concrete 
c 
strain is a known a priori in this case, a different procedure has to be fol-
lowed in determining the numerical values of the resultant force quantities. 
Referring to Fig. 3.8, the following relationship must ho'ld for equilibrium 
in which 
I I I 
kl (E )bcf + A f - A f 
c c s s s s = 
(3.26) 
a constant depending on E wh i ch Ilaverages 'l the concrete 
c 
I 
s t res s and such that the product kl(E)bcf equals the 
c c 
compression force in the concrete stress block 
a constant depending on E which locates the centroid 
c 
of the compressive stress block as shown in Fig. 3.8c. 
Figures 3.9 and 3.10 indicate the variation in kl and k2 for several values 
of E for Series Hand F, respectively. 
c 
As in the case of the computation for the yield case, the following 
substitutions can be made into Eq. 3.26 
c 
E 
S 
d 
E 
E 
c 
E 
c 
+ 
C 
I 
d 
d 
E 
S 
(E E ) -
c s 
Beginning with a given E , all the quantities in Eq. 3.26 are 
c 
known except E and f if the compressive steel is assumed to be in the 
s s 
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elastic range. Making the pertinent substitutions to either side of this 
equation, the resulting expression in E and f can then be plotted on the 
s s 
act u a 1 s tee 1 s t res s - s t ,.. a ~ n d I a g ram (F i g5. A. 4 and A. 5 for S e r i e s Han d F, 
respectively); the point where the two curves intersect ls the one which the 
steel must be at corresponding to the concrete strain under consideration. 
This p~ocedure was car(;ed out for several concrete strains. As 
in the case of the yield computation, four calCUlations were made for each 
strain: for the "'(ension " and "compression" columns, with and without added 
weighto ~n figs,. 3, 'I; and 3-l2, the moment-curvature relationships for the 
four cases are plotted for Ser~es Hand F, 
In calculating the corresponding deflections, the average moments 
and curvatures of the "tensi'on" and the "compression" columns were used for 
the two cases wlth and without added weight. The same components of deflec-
tion contribut1ng to the toral were included as in the yield case. The same 
unit bond stress values were emp~oyed; ;n the strain hardening region, the 
development length was proportionately extended. Figure 3.13 indicates the 
curvature distribution through the length of a column at yield and Fig. 3.14 
shows the bond stress and corresponding stee'! str'ain d;stribution ~n the 
reinforcement development length. The total elongation of the bar at the 
level of the crack was found by integrating the strain along the development 
length and the Width of the crack at the level of the reinforcement was again 
assumed to be equal to this elongation. The resulting angle 8 was again 
multipl ied by the free height of the column h , to obtain the contribution 
c 
of the bond sjip to the total deflection. 
Figures 3.15 and 3. 16 present the calculated lateral force vs 
lateral deflection c~rves for Series Hand F. Each diagram contains two 
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curves, one for zero added we~ght and the second for an added weight equal 
to that used in the dynamic tests. It is seen that added weight has a small 
but nevertheless measurable influence on the force-displacement diagrams. The 
idealized curves are also given on the same diagrams for the two series. 
3.4 Assumed Response Under Load Reversa 1 s 
Section 3.3 presented the method of computation of the primary 
curve that the idealized specimen would exhibit if subjected to a monotoni-
cally increasing lateral force. The next logical step would then be to 
attempt to predict the behavior under reversals of the lateral force. To 
do this analytically, however, would be almost impossible because of the 
inherent difficulties involved in idealizing a cracked cross section with 
reinforcement which has yielded, the deterioration of bond and other factors. 
In this section, a series of rules will be stated and exemplified for each 
case to which they apply to predlct the behavior of the frames under load 
reversals. The rules have been essentially adapted from Takeda (1970) and 
are not qui te as arbitrary as they might appear at fi rst. 
In addition to the assumptions made explicitly regarding behavior 
under load reversals, two assumptions a·re made regarding the primary curve: 
1. The primary curve consists of three linear segments, the 
third one of which may extend indefinitely at a finite slope 
(Fig. 3.1). 
2. The primary curve is asymmetrical about the origin, i.e., the 
same ultimate force can be developed in either direction. 
The Bauschinger effect on the yield moment is disregarded. 
In the follow~flg set of rUles, the I'beglnning" and "end" of a line segment 
are determined from the d\ rect;on of the arrow on that segment in Fig. 3.17. 
L if the abso1ute value of the force does not exceed that cor-
respond~ng to cracking~ the response is linearly elastic: 
segment ~ in Fig. 3.17a. 
2. if the crackIng load has not been exceeded in one direction 
and the load fs reversed from a value in the other direction 
which is less than the yielding load, response follows a 
stra~ght I ne j0in~ng the poirr at wh~ch reversal began to 
the crackrng load ;n the other d~~ection: segments 2 and 3 
~n Fig. 3017a. 
30 j i segment 3 were to be conttinued (Flgn 3. i']a) , the response 
wou1d fol'~ow the srraQght 1~ne jo~ning the cracking and 
yield;ng loads in that direction: segment 4 in Fig. 3.17a. 
if a reversal takes place whi ie on segment 4 at a load less 
in magnitude than that at which reversal occurred in the 
other d1 rec~~on (l.e., the end of segment 2 in Fig. 3017a), 
un 'load I ng ~ ~ done at -ere s arne rate as the 1 oad r: n9 for that 
cycle; segment 5 and segment 3 have the same slope in Fig. 
3, ~ la 0 
40 ~ f the 10ad 15 zero after at 'least one cycle of 10ading (e.g., 
end of segment 5 in Fig. 3.17a) and the yield load in the 
desired djrect;on has not been exceeded, response follows the 
straight line ~btai~ed by joining the point of zero load to 
the point reached in the previous cycle, if that point is on 
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the primary curve or on'a 1 i ne segment: ai"med at a poi nt on the 
primary curve: segments 6 and 8 are aimed at the end of 
segments 2 and 4 in Fig. 3. 17a which are on the primary curve. 
The exception to this rule is when joining the point at zero 
load to the yield point in the loading direction results in a 
higher slope. For example, segment 13 in Fig. 3.17a is aimed 
at the yield point in the 'Iplus ll di rection as join,ing the end 
of segment 12 to the end of segment 2 would have resulted in a 
f 1 a t t e r s lope. S e g me n t 1 7 i s a i me d a t the end 0 f s e g me n t 1 3 
(which is aimed at a point on the primary curve, namely, the 
y i e 1 d) . 
5. If the reversal from a load which in magnitude is less than 
the yield but greater than that at which the reversal in the 
other direction occurred, unloading is done at the slope ob-
tained by joining the point under consideration to the point 
representing cracking in the other direction: segment 10, 
which starts from the end of segment 9 where the magnitude of 
the load is greater than that at the end of segment 2, is 
aimed at the end of segment 1, the cracking coordinates in 
the oppos i te, di rection in Fi g. 3.17a. 
6. I f the y i e 1 d load in one direct i on has been exceeded (e. g. , 
segment 11 in Fig. 3.l7a) and the loading direction is re-
versed, unloading takes place at the slope given by 
o 
S = S (-1..)0: 
r y 0 (3.28) 
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in wh i ch 
S = return slope (i .e., the slope of segment 12 in Fig. 
r 
3. 17a and 4 in Fig. 3.l7b) 
S slope obtained by joining the coordinates at yield in y 
one direction to the coordinates at cracking in the 
other 
D = deflection at yield (e.g., the abscissa of the beginning y 
of segment 11 in Fig. 3.l7a) 
D maximum deflection attained on that particular excur-
sion (e.g., the abscissa of the end of segment 11 in 
Fig. 3. 17a) 
a a positive constant. In this investigation, a was 
taken equal to 0.5. 
7. If yield has been attained in a given direction and if the 
loading takes place in that direction, response follows a 
straight line joining the point at zero load to the maximum 
point on the primary curve in that direction: segment 15 iM Fig. 
3.17a and segment 8 in Fig. 3.17b are both aimed at their pre~ 
vious maxima, i.e., ends of segments 11 and 3, respectively. 
8. If the yield load has been exceeded in one direction but the 
cracking load has not been exceeded in the opposite direction, 
the unloading curve is at the slope given by Eq. 3.28, as well 
as the loading curve in the other direction until cracking 
occurs in that direction. The curve is then aimed at the 
yield point: the slope of segment 4 in Fig. 3.17b is deter-
mined by Eq. 3.28 until the cracking load in the "minus" 
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direction is attained. Segment 5 is then aimed at the yield 
point in that direction. 
9. If at least one cycle of '~'loading" has taken-place; the "unloading" 
curve will be determined as given by the rules stated in 4 or 7 
above while the "unloading" curve wi 11 have a slope equal to 
that determi ned by the ru 1 es stated in·.2, 5 or 6 above, whi ch-
ever governed i~ the previous cycle, but not flatter than the 
loading curve: segments 3, 7 and 14 have the same slope as 
do 12 and 16, in Fig. 3.l6a. 
3.5 . Comparison ofCa·lculated and Measu·red Static Force-Displacement Curves 
In the preceding section, a series of rules were stated to predict 
the static behavior of frames subjected to arbitrarily reversible loads. In 
this section, comparison will be made between response which would be pre-
dicted by those rules and that which was observed in static tests. 
A total of four frames we·re subjected to static reversible loading 
in the experimental program: HS1, HS2, HS3 and FS1. The details of the 
experimental setup are presented in Appendix A, while the complete measured 
response of each specimen is given in Appendix D. 
Frames HSl and HS3 were tested with the same weights attached as 
their counterparts did in the dynamic tests, while HS2 and FS1 had no weights 
attached during static testing. As explained in Section 3.3, the addition 
of weights results in a slight increase in the force capacity with a sl ight 
decrease i'n displacement. The first 12 cycles of loading of HSl and FS1 
will be compared with the theoretical prediction. Since HSl had weights 
attached during static testing, the appropriate idealized curve from Fig. 3.15 
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will be used as the primary curve. For FS1, the idealized curve for no 
added weight wi 11 be taken as the primary curve from Fig. 3.16. 
The comparison between actual and predicted response of the two 
selected specimens HSI and FSl are given in F.igs. 3018 and 3~19. 
~t wili be noticed from the· first cycle of both specimens that the 
initial slope for either specimen is calculated to be far stiffer than that 
observed. The d~screpancy in the initial slope can be partially explained 
by noting that sma]] hairline cracks were observed at the reentrant corners 
of all specimens prior to testing. As pointed out in Section 3.3, no stresses 
were assumed to ex st in the concrete or in the steel. However, especially 
in deference to the age at which the specimens were tested (see Tables A.l 
and A.2 of Appendix A) shrinkage strains of the order of 0.0005 could reason-
ably be expected, especially in Series' H (Fiorato 1971). This can also be 
seen from the plots of force vs steel strain of HS3 and FSI in Appendix 0 
(Figs. D.7and 0.10) 0 Although not consistently, measured tensi 1e strain values 
in the steel were greater than that at which coupons yielded when the speci-
men response exhibited yielding, indicating that steel was in compression 
prior to the start of testing; hence, the strain djfferentiai was greater 
in magnitude than the strain at which reinforcement should be expected to 
yield. A shrinkage strain of 0.0005 would subject the column cross section to 
a tensi 1e stress of approximately 250 psi for both series, a hardly neg1 i-
gible value in terms of the tensile strength of the concrete. Referring to 
Figs. 3.18 and 3.19, it will be noticed that HSl attained its theoretical 
force capac:ty in the Iinegativell direction after being subjected to a 
force value greater than crack~ng but less than yield on the Ilpositive ll 
side, while FSI which apparently yielded in the Ilposltivell direction upon 
36 
the initial application of the force showed a decrease in force capacity 
in the "negative" direction. This is to be expected in terms of the 
Bauschinger effect. The difference between the predicted force capacity 
in the first. cycle and the experimental result for FSl is about 10 percent, 
a difference which becomes more pronounced in later cycles as reference is 
continually made back to the primary curve and the maximum displacement 
attained on it. 
A study of Figs. 3.18 and 3.19 will reveal that within the limita-
tions of the theory, the predicted response follows actual response accept-
ab 1 y c 1 osel y, ~cu though.at< times: ·the re : are' rathe r is i gnl fi cant' d'(fferentes be-
tween force levels or displacement axis intercepts with resulting differences 
in the areas of the hysteresis loops. But, by aiming continuously at the 
maximum displacement point reached previously from a zero force point, and 
by modifying the "return" slope given by Eq. 3.28 upon exceeding that, the 
theory simulates to some extent the cumulative effects of the damage incurred. 
If force reversals were to be carried out between two extreme points (say 
± 2.5 6y where 6y is the displacement at yield), the theoretical prediction 
would be a stable curve of trapezoidal shape, whereas the actual response 
would indicate a series of hysteresis loops of gradually decreasing area and 
force value at the extreme displacement points. Cycles No.6 through 10 of 
HSl (Fig. 3.18) exempl.ify this. 
It should perhaps be noted at this point that whatever agreement 
exists between static tests and theory is due partly to the fact that axial 
stresses in columns were low. The proposed rules should be applied with 
caution in cases where columns are subjected to appreciable compressive 
stresses. 
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4. ANALYTiCAL MODEL iN THE DYNAMIC RESPONSE ANALYSiS 
OF RE~NFORCED CONCRETE FRAMES 
4.1 introductory Remarks 
~t is nOt the purpose of this chapter to treat the general problem 
of vibrating bodies; numerous references exist in the literature which treat 
the subject In varying degrees of complexity (Timoshenko, 1955; Minorsky, 1962; 
Hurty and Rubinstein, 1964; Thomson, 1965). A brief study of the vibration 
of a single-degree-of-freedom system with nonlinear hysteresIs, however, 
will be made as it applies to the problem considered herein and the numerical 
algorithm used wi 11 be presentedo 
4.2 The Analytfcal Model 
in Section 3,4, a set of rules were stated to predict the response 
of reinforced concrete frames subjected to slowly varying alternate loads. 
Section 305 conta(ned curves of predicted and actual response which enabled 
one to ascertain the accuracy of the proposed scheme (Figso 3.18 and 3.19). 
it was seen that no attempt was made to include in explicit fashion the 
effect of reduced stiffness of a cross section, the deterioration of bond 
along a reinforcIng bar, or the effect of alternated loading. The rules, 
however, imp1 ;citiy take nto account all these effects to a large degreeo 
Whi 1e the agreement between theory and experiment as reflected in Figs. 3018 
and 3.19 IS far from perfect, actual response is simulated to some extent 
by the proposed mode! in a piecewise 1 inear fashion. 
A number of simplifying assumptions wi 1 1 be made for the dynamic 
response analysis of the frames. First, it wi 11 be assumed that a frame 
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can be idealized as a single-degree-of~freedom system whose motion is gov-
erned by a differential equation of the type 
in which 
mx + C X + p (X) 
o 
-my (4. 1) 
m ~ass of the osci llator 
c = constant of proportional ity of the damping force desig-
o 
nated symbolically as a dashpot 
p(X) = restoring force, dependent on time 
x = relative displacement with dots indicating differentia-
tion with respect to time, t 
y = base accelerationo 
It is seen that damping is assumed to be linear. The degree of generality 
which wo~ld be obtained by considering a more complex form of damping is 
not warranted. 
Secondly, it will be assumed that p(x) can be determined, at any 
given time, from the rules stated in Section 3.4 and illustrated in Fig. 3.17 . 
. Finally, it wi 1 1 be assumed that the constant of proportionality, 
co' of the damping force is given by 
in wh i ch 
c 
o 
2S Ik. m 
I 
S = fraction of critical damping ratio 
(4.2) 
k . i nit i a 1 s lop e , i. e ., the rat i 0 0 f the c r a c kin g for ce and 
I 
the corresponding deflection. 
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The only requisite to obtain a response history x(t) for a given 
base acceleration history y(t) then, is to compute the cracking and yield 
coordinates of the frame as well as the post-yield slope and to specify a 
certain fraction of critical damping, S. The restoring force p(x) is time-
dependent and Eq. 4.1 has been solved in a step-by-step integration scheme 
(Hi 1debrand, 1956, Newmark, 1959). 
in wh i ch 
The equation of motion at any time t can be written as 
n 
mx + L S Ik:m' x + p (x) 
n Inn 
The restoring force p (x) can be rewritten as follows 
n 
p (x) 
n 
k instantaneous stiffness at t 1 
n-1 n-
6X 
n 
(4.3) 
(4.4) 
Assuming a linear variation of acceleration within a time incre-
ment 6t, the following expressions can be obtained by direct integration 
X 
n 
6X 
n 
(4.5) 
(4.6) 
Solving Eq. 4.6 for x and then substituting successively into Eqs. 4.5 and 
n 
4.3 the following expression may be obtained 
2 B !k:"i'O ( 1 
I l"n- (4.7) 
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Solving for !::.xfromEq. 4.7 and then substituting back into Eqs . 
. n 
4.4, 4.5 and 4.6 the values of all quantities of interest at t can be found. 
n 
These values then constitute the "previous" values for the next point t
n
+ l . 
The procedure is self starting since at zero time Pn-l (x) equals zero and the 
instantaneous stiffness equals the specified initial slope. 
The base acceleration records reported were all digitized at a 
constant interval of 0.003 sec. The time increment, !::.t, at which the inte-
gration steps were evaluated was selected to be 0.0006 sec since there are 
many discontinuities in the slopes of the hysteresis curves. As the slope, 
k l~ is determined from the previous case, there is the possibility of over-
n-
shooting the location where such a discontinuity occurs. The base acceler-
ation itself was also assumed to vary linearly between two points. By con-
stantly checking the sign of the products ~xn*!::.xn-l and Pn(x) * Pn-l (x), 
the direction in which motion progressed and the time when the restoring 
force changed sign were established. The requisite slope, k could then be 
n 
determined from one of the rules stated in Section 3.4. 
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5. STEADY-STATE TESTS 
5.1 Introductory Remarks 
Three specimens were tested by subjecting them to sinusoidal base 
motion, Two of these were of Serl'es H: HDl and HD2. The third specimen 
tested was FDlo The specimens of Series H were subjected to a base motion 
at 16 Hz for a total of six times each. Specimen FDl was tested four times: 
the first three runs were at 13 Hz, the final run was at 7 Hz. 
The Ie rm -··s teady-s tate t • ! s pe rhaps used too broad 1 yin the con-
text herein. The base acceleration records approach a true steady-state 
prof~ 1e wi th varying degrees of success as the following figures wi 11 make 
evident. The displacement records of the base motions (not reported) were 
steady-state records as far as could be visually ascertained. 
The ratronale behind the testing of specimens in this mode was to 
observe their behav!or upon being subjected to rapidly alternating loads 
with approximately constant displacement bounds. As noted in Appendix A, a 
steady-state run was terminated automatically when a given number of osci 1-
1ations had taken place. The total duration of any run seldom exceeded 4.7 
sec for either series. The amplitude of the base acceleration was generally 
kept to approximately 1.0 9 in the beginning, but later this was increased. 
All inst:umentation details are g~ven in Appendix A. 
5.2 Observed Response 
5.2.1 HDl 
The results from all six runs of this specimen are shown in Figs. 
5.1 through 5.6 and the pertinent index values are given in Table 5.1. The 
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entry Ii na tural·--frequency before run ll in this table, as in all others, indi-
cates the natural frequency of the specimen as determined by striking it 
with a hammer at the midheight level of the top girder and counting the number 
of osci llations per s.econd of the accelerometer output located at the same 
level. The entries Ii na tural frequency at end of run,11 on the other hand, 
were determined by counting the number of response acceleration oscillations 
at the very end of a run after the base motion had stopped. Since the 
natural frequency as obtained by the first method is at very low displace-
ment levels, the natural frequencies obtained are consistently higher than 
those obtained from the end portions of previous runs. The entry Iisteady 
state average ll was obtained by averaging five peaks at approximately the 
half point of the duration of a given run. The maxima reported are absolute 
values with their corresponding times. 
Yielding of the tensile reinforcement was not attained during Run 
No.1. This can be seen by comparing the response acceleration and displace-
ment maxima with their corresponding values given in Fig. 3.15. The response 
acceleration value corresponding to yielding is obtained by dividing the 
yield capacity by the effective mass of the specimen. Hence, based on the 
idealized curve of Fig. 3.15i an acceleration of 2.0 g would cause yield to 
take place in Series H. The corresponding displacement is 0.075 in. At the 
end of Run No.1, small cracks were observed at either end of the columns, 
but no cracks could be detected on the top girder. The cracks shown in 
Fig. 4.7 were essentially formed after Run No.2 during which yield was at-
tained (Fig. 5.2). Succeeding runs added no new cracks, but those already 
in existence at the end of Run No.2 grew progressively larger. From 
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Table 50 I, it can be seen that the response level of Run Noo 2, in terms of 
either acceleration or displacement, was not exceeded until Run No. 6 where 
the base acceleration had a steady-state average of 1 .70g vs the average of 
0.93 g for Run No; 20 Once cracking has progressed through the entire cross 
section, the contribution of concrete to lateral force resistance is greatly 
diminished: concrete, thereafter, serves mainly to hold the reinforcement 
together in the absence of inclined cracks and, as alternate loadings occur, 
the width of flexural cracks grow larger. Because of this, progressively 
iarger displacement amplitudes are required to atta-in a given lateraiforce 
value" The hysteresis loops given in Appendix D~ although obtained from 
slowly alternating tests, illustrate this. 
As noted in Table 501, all six base accelerations of HDl were at 
16 Hz- although the steady-state averages were increased from 0.63 g during 
Run Noo 1 to 1.70 9 during Run No.6. The natural frequency of the specimen, 
as determined from the distance between successive acceleration peaks was 
21 Hz at the end of Run No.1 (Fig. 5.1) whi 1e at the same time the small 
amplitude natural frequency obtained as described above was 24 Hz. At the 
end of Run Noo 2~ however, the large-amplitude natural frequency had de-
creased to 10 Hz (Fig. 5.2 and Table 5~1). Obviously, during- Run No~ 2 a 
resonant condition shou~d have been experienced and this can be seen in both 
the response acceleration and displacement records shown in Fig. 5.2. In 
all the succeeding runs, response was approximately directly in proportion 
to the amplitude of the base acceieration and no drastic reduction was ob-
served in the natural frequency values. Because no response acceleration 
record was obtained during Run No.4, the natural frequency at the end of 
44 
the base motion was obtained from the displacement record. It can also be 
seen from Table 5.1 that the average response acceleration amplitudes of 
Runs No.3 through 6 (with the exception of No.4) are less than the corre-
sponding values for the base accelerations which is a characteristic of 
linear response in view of the natural frequencies exhibited. 
The linear response spectra of the base accelerations of all the 
runs of HOl as well as all other specimens tested in the experimental pro-
gram are given in Chapter 7. No attempt was made to ascertain critical 
damping values by the logarithmic decrement method since different succeeding 
peaks at the end of either the response acceleration or the displacement 
records yielded widely divergent values. The spectra were, however, used to 
arrive at response predictions by the method to be described in Chapter 7. 
5.2.2 HD2 
This specimen also was subjected to a total of six runs with the 
base motion at 16 Hz. The records of the observed response in these runs 
are given in Figs. 5.8 through 5.13 and the final crack pattern is shown in 
Fig. 5.14. The pertinent index values obtained from the observed response 
are listed in Table 5.2. It is seen that the durations of the runs and the 
base acceleration amplitudes were more uniform than those of HOl. 
It can be seen from Fig. 5.8 that a resonant condition was incur-
red almost as soon as response began in Run No.1. The response accelera-
tion reached a peak of 2.64 g whfle the relative peak-to-peak dIsplacement 
became 0.276 in. at 0.28 sec into the first run. Almost as soon as resonance 
was experienced with its damage incurring consequences, the natural fre-
quency of the specimen was drastically reduced and there was a sharp 
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attenuation in the response: this can be seen in Fig, 5,8 at about the 0.50 
sec mark. As the base acceleration continued thereafter at constant ampli-
tude and frequency, response p1cked up slightly and continued at an approxi-
mately constant 1evel. From Table 5,2, it can be seen that the natural 
frequency of the spec:men at low displacement ampl itudes was 28.0 Hz before 
the f~rst run b~t this was reduced to 13.3 Hz at the end of it, whi 1e the 
large amplitude natura] frequency was about 10 Hz. This can be seen from 
both the response acceleration and d;splacement traces in Fig. 5.8. The 
qua'iitative c::ack pattern shown in Fig, 5.14 was formed essentia~ly after 
the fi rs~ rune Succeeding runs~ although with increased base acceleration 
amplitudes, did little further damage. This is also apparent from the 
stabilized values for the natura~ frequencies of Runs 2 through 6 in Table 5.2. 
in this specimen~ as well as in HD1, no inciined cracks were ob-
served in the columns. Although no transverse reinforcement was provided in 
the two beam-column joints~ these,too, were remarkably free of any cracks. 
The top girder) however s did crack at either end, but these cracks did not 
form unti 1 after both co~umns had gone well into yield. The crack widths 
at the hinge 1o~atlons on the columns were large enough to anow the rein-
forcing bars to be seen at the end of the f~rs~ run. Although the width of 
these ~racks d~d not mater!al1y increase during succeeding runs, the crack 
prof;!.es grew progressive'iy smoother because of the constantly alternating 
loading and unload!ng. The vert~cal cracks on the top girder, as noted 
above, had formed at the end of the first run, but those on the base girder 
were not observed unti i after the second runo it wi 11 be noticed that these 
vert! ca1 cracks as wei·~ as those on the top gl rder closely follow the rei n-
forcing bar locations (Fig. Ao6 of Appendix A shows the reinforcing bar 
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layout). Any comments about the deterioration of bond along the main rein-
forcing bars must necessarily be based on observations made on crack widths 
and locations, as no strain gages were present in either HDl or HD2. As 
noted in Appendix A, however, the bars used were originally smooth 0.177 in. 
wi re, but four rows of closely spaced indentations were made on all bars 
before being cut to improve the bond properties. The difference between 
the bond-s1 ip characteristics of the plain and the knurled bars can be 
seen in Fig. A.4b. Undoubtedly, the bond strength will be considerably 
reduced when there is alternate pul ling and release on a bar such as during 
a dynamic test. Because of the anchorage length and the bend provided in 
the base 9i rder and because of the continuity provided in the top girder 
and in the joint, no failure was observed due to bond alone. At the end of 
Run No.6, however, HD2 was tilted sideways slightly, indicating that the 
bars had accumulated enough residual strain and were pulled outward from 
thei r anchorage zones to make the specimen unstable in the lateral direction 
under its own weight. 
At this point, it might be appropriate to comment on the small 
spikes near the zero axis in the response acceleration records which are 
present in all runs of HD2 and whirih appear from Run No.3 onward (Fig. 5.3) 
in HD1. I t can be seen from Fig. A.10 of Appendix A that steel plates 
fastened onto the specimens to provide inertia~force were held by two bolts 
in the Series H specimens. Although these bolts were tightened to allow 
no slip and consequent knocking of the steel plates in the holes provided 
for the bolts,.they must have worked themselves loose enough to do this: 
just as the response acceleration, hence the inertia force, was about to 
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change sign, the plates slipped slightly to the opposite side in the 
bolt housing and produced a small shock which was then picked up by the 
accelerometers, No such occurrence was observed In the F Series. 
The plots of the observed response during the four runs of this 
s p e c i me n a re show n i n Fig s. 5. 1 5 t h ro ugh 5 0 1 8 and the f eat u re s 0 f the sea re 
summarized in Table 5.3. It appears from Fig. 5.15 that during Run No. 
resonance was attained. In fact, both the response acceleration and displace-
ment plots are remarkably similar to those of Run No.1 of H02 shown in Fig. 
5.8: a maximum acceleration of 2.04 g and a maximum double-amp1 itude dis-
placement level of 0,447 in. are experienced at 0.10 sec into the base ac-
celeration and soon thereafter a sharp reduction in the response occurs as 
the effective natural freq~ency shifts to a value less than the frequency 
of the excitationo From Table 5.3, it is seen that the low-amplitude natural 
frequency of 16 Hz before Run No. 1 was reduced to 10 Hz after the same run, 
whi 1e the dfstance between successive peaks at the end of the response ac-
celeration shown in Fig. 5.'i5 indicates a natural frequency of about 8.0 Hz. 
The frequency of the base excitation of the first three runs was 13 Hz. The 
response to th i s parti cui ar frequency follows closely the pattern observed 
in HOI and H02 and IS approximately proportional to the ampiitude of the 
base acceleration in terms of either response acceleration or displacement 
once resonance is experienced. In Run No.4, when the base acceleration 
applied was changed to a frequency of 7 Hz and its steady-state intensity 
increased to s'Jightiy over 2 ~g, response displacement is seen to increase 
in terms of steady-state average; although the response acceleration also 
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increased, this ;ncrease was not quite so marked as that in the displacement 
(Fig. 5.18) 0 The crack pattern shown in Fig. 5.19 was formed mostly after 
the last run; the first three produced little more than single horizontal 
cracks at either end of both colums. During Run No.4, however, there was 
extensfve crushing taking place at the hinges on the columns and some in-
c~;ned cracks were formed. In Fig. 5.20, tne upper end of the west column 
is shown after this runo 
From Figo 4.18 evidence of the continually decreasing stiffness 
can be observed: both the acceleration and the displacement responses exhi-
bit a tendency to jessen in amplitude as motion progresses, despite the fact 
that the exc~tat!on is kept at constant amplitude. As damage is incurred, 
the system moves farther away from resonance, but, because there, is no apprec-
~able axial load in the columns, instabil ity does not become a significant 
probiem, 
5.3 Calculated Response 
~n the pTevious sect~on, the behavior of the frames was described 
in terms of respo~se amplitudes and natural frequencies encountered. It 
shou1d be apparent at this point that the analytical model to be employed 
must follow the st:ffness reduction of the actual case in order to predict 
th~ actua] response closely. As all the base accelerations can be said to 
have been sinusoidal (with varying degrees of authenticity), the resulting 
responses wi11 reflect heavily the changes in the effective stiffness, hence 
the natural frequency, of the analytical model. 
It was stated in Chapter 4 that the analytical model which will 
be empioyed ~n arriving at response calculations would be based on the 
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hysteresis rules put forward in Chapter 3 and illustrated in Fig. 3.17. Such 
an analysis will require that a trilinear primary curve representing the ini-
tial response be defined along with a certain fraction of critical damping 
based on the initial slope. Since cracking coordinates can only be consi-
dered for a first run (assuming cracking load will be exceeded during it) 
only the first runs of the three specimens discussed in this chapter wi 11 be 
analyzed. it can, of course, be argued that several runs can be treated 
as continuations of one another with intervals in between. In this way, a 
primary curve need only be defined once at the very beginning and Run N+l 
begins from where Run N was terminated on the primary curve. Attempts at 
doing this resulted In continually deteriorating response predictions, 
since the residual displacements, as well as the response acceleration 
valUes, had to be corrected back to zero at the end of a given run and this 
apparently perturbed the succeeding response calculations to unacceptable 
limits, From the results given in the preceding section, it is known that 
response limits cover~ng a rather broad range were experienced: ~Dl exceeded 
the cracking limit during Run No.1 but did not yield whereas HD2 and FDl 
attained ducti 11ty ractors (based on the computed displacement at yield) of 
'1.95 and 1047, respectively. 
A second probiem which must be resolved is the definition of the 
primary curve ~tself- The Ilcomputed il (and idealized) primary curves of 
Series Hand Fare g;ven in Figs. 3.15 and 3.16, respectively. These dia-
grams have been obtained on the basis of the assumptions as to material behavior 
and ideal ized dimensions and would be the only ones which would have to be 
considered if no further data were available. However, in Section 3.5, it 
was noted that certain discrepancies existed between the idealized primary 
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cu:ves and those that were observed when "identical" frames were tested 
stat~ca11y. The difference between the idealized and the actual curves can 
be seen In Cycle 1 of Figs. 3.18 and 3.19 for the specific cases of HSl and 
FS1, respectively. Both measured primary curves are less stiff in the ini-
tial stages of loading than the computed curves and FSl also exhibits a re-
duct~on in strength. When the static test results are idealized into a set 
of tri linear curves, it is further seen that actual yield takes place at 
greater displacement values than those computed. in the fol lowing, therefore, 
two sets of computed response calculations will be presented for each of the 
three fi rst runs: one wi 11 be based on the I'computed" primary curve (CPC), 
the other on the "measured" (MPC). To arrive at the MPC for Series H, the 
fi rst cycle of HSl (gIven in Fig. 3.18) was employed. The cracking coordinates 
were approximated to 350 lb and 0.010 in. and the slope after yield was ideal-
ized by passing a straight line through the corresponding slope on the " nega-
tive side" of Cycle Noo 1. in Fig. 5.21, the CPC and t1PC for Series Hare 
presented. The MPC of Series F was obtained essentially by trilinearizing 
the experimental curve given in Cycle No.1 of Fig. 3.19, but since FS1 was 
tested statically with no weights attached, the yield load was multiplied by 
the ratio of the computed yield loads with and without added weights. The 
th~rd slope was assumed to be unaffected by the presence of added weight. 
The CPC and MPC used in all dynamic analyses of the Series F specimens are 
given in Fig. 5~22. Further~ to investigate the effects of ~iscous damping, 
ail computations were made for 0, 1 and 2 percent of critical damping. 
An answer to the question of what constitutes a good dynamic re-
sponse prediction is attempted by the entries made int6 Tables 5.4 through 
5.6. The maximum response acceleration and peak-to-peak displacement values 
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are !~sted, a ong WiIh the times at which they take p l ace- The steady-state 
average of the same variables are also listed, as well as the calculated 
natura1 frequenc es at the end of the acceleration responses. 
The results of the computations made are shown in Figs. 5023 
through 5.26 and the various indices used to Judge the success of the compu-
tations are summarized ~n Table 5.4. From comparisons of Figs. 5.23 through 
5026 w~[h Fig. 5·1 and the index values given n Table 5.4 with those in 
Table 501, '~t can be seen that the CPC y~e!ds far better resu~ts 'in thiS par-
ticular case than the MPC. It should be pointed out that the natural fre-
quency based on the in~tHal s,~ope for'Series H was 36 Hz for the case of the 
CPC and 22 Hz for the case of the MPC. The natural frequency at the end of 
the motion was calculated to be about 24 Hz for CPC (Table 5.4) 0 This value 
compares more favorably with the actual value of 21 Hz (Table 5. I) than the 
14 Hz based on MPC. This result alone implies that the calculated response 
based on MPC has gone through resonance at 16 Hz. Ths ~s verified by Figs. 
5.25 and 5.26. At about the O.40-sec mark into the response, both the re-
sponse acceleration and displacement predictions reach their maxima, but since 
the reduct~on 1n the stiffness of the analytical model is such as to bring 
the natural frequency to only 14 Hz) response is still too strong, as this 
value is close to the 16 Hz frequency of the base excitation. 
The steady-state averages of the predicted acceleration response, 
based on the cpe for the three damping rat~os) are al1 good, but the dis-
placement averages underestimate the observed response. in terms of the 
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maxima, results based on CPC do better in approaching the observed response 
~n both response acceleration and displacement. The effect of damping on 
MPC results is seen to be more pronounced than CPC results: the steady-
state overages of the response acceleration given in Fig. 5.25 Increase 
from 1.60 9 fer 0 percent to 1.79 g for 2 percent, although the maxima are 
about the same. This is to be expected since the maximum acceleration which 
can be susta!ned is di rectly proportional to the strength of the model and 
the velocity, hence the damping force which can sustain additional acceler-
ation, is nearly zero at the time when the response acceleration is a maximum. 
The plots of the calculated response for Run No. 1 are given in 
Figs" 5.27 through 5.30. Figures 5~27and 5.29 cont~in calculated accelera-
tion response plo:s for thre~ damping values and are based on CPC and MPC, 
respect~ve1Yn These should be compared with the observed response 'acceler-
ation given in Fig, 5.8. Figures 5028 and 5.30 show the calculated displace-
ments and sh~ujd be compared with the observed displacements given in Fig. 
5080 The index values for these plots are summarized in Table 5.5. 
it y.i1ii be immed~ately apparent that results based on either pri-
mary curve are considerably off in terms of steady-state averages, both for 
response acceleration a~d displacement. A much more favorable agreement is 
obtained, however, if maxima are compared. From Table 5.2, it can be seen 
that the observed steady-state response acceleration ampl itude was about 
On8 9 (after having reached a maximum of 2.64 g at 0.28 sec into the re-
sponse) whereas, the predicted steady-state response acceleration values 
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vary from a m nimum of 1,35 9 (MPC with 0 percent damping) to a maximum of 
1095 g (CPC WiIh 2 percent damping) 0 The opposite trend eXists In the dis-
placement plots. The observed average peak-to-peak steady-state displace-
men[ was Or 160 in, and the predictions range from a minimum of 0.160 in. 
(MPC, Table 505j to a maxijmum of 0,190 in_ (CPC with! percent damping) c 
The displacemenc prediction based on the CPC with no damping (Figo 5.28) 
showed a strong tendency to drift from the zero axis despite the fact that 
a constant 0,0006 sec jnregralion t~me step and "double prec!sloned
" 
var-
iables were used. Th~s Gouid possibly be attributed to the unstable nature 
of systems w~th no damping. The predicted maximum response accelerations 
all unde:estimate the observed ~alue of 2.64 g, a value which corresponds to 
an ine~tia Torce approximately 23 percent greater than the computed static 
strength of rhe specimen. The effects ot strain rate on observed strengths 
are discussed !n Append~x Eo The predicted maximum peak-ta-peak displace-
ment based on MPC of 0.260 in. (both for 0 and 1 percent damping) comes 
nearest [he obSerVed value of 0.276 In. The ieast favorable value is yielded 
by the epc with 2 percent damping and is equal to 0.185 in. 
The efrect of damp~ng on displacement is again seen to be pro-
nounced, although the steady-state response accelerations also show a definite 
upw'ard trend Wl Ih damping, The steady-state averages inc:.~ease from 1060 g 
for 0 percent to j ,95 9 for 2 pe cent for cpe. The corresponding values for 
MPC are 1,39 g and 1 ·50 g. 
As pointed out in the discussion of the results for HD1, epc leads 
to an initial natural frequency of 36 Hz. while the corresponding value 
for MPC IS 22 Hz" These values a:re both reduced to approximately 14 Hz at 
the end of the ca]culat~on period (Table 5.5), The nat~ral frequency at the 
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end of the observed response acceleration being 10 Hz (Table 5.3), the ca1cu-
~ated values are seen to be closer to the 16 Hz frequency of the excitation. 
The steady-state averages of the response then reflect this proximity and 
consequentiy are higher than the observed values. 
Plots of the calculated response are shown in Figs. 5j31"through 
5.34< The ~ndex values for these plots are summarized in Table 5.6 and 
shouid be compared with the values given in Table 5.3 which are based on 
Fig. 5.15. 
The initial slope of CPC for Seri"es F, shown in Fig. 5.22, yields 
an ~nrtiai natural frequency of 22 Hz, while this value is 13.5 Hz based on 
the init~a] slope of MPC. The frequency of the base excitation was 13 Hz. 
From the appropriate entry in Table 5.6, it can be seen the attenuating 
portrons of the response acceleration predictions for the two cases yield 
natural f~equencies after test of 10 (CPC) and 9 Hz (MPC). Hence, one could 
reasonably expect the quasi-resonant response peaks which can be seen in all 
plots in Figs. 5.31 through 5.34. Since CPC has ahi"gher yield load and 
also a higher post-yield slope, the maximum response accelerations for this 
case are all consistently higher than MPC values. Damping is again seen to 
increase the maximum acceleration amplitudes and decrease the maximum dis-
placement amplitudes. The same effect is also true for the steady-state 
averages of these variables. The steady-state averages of the response ac-
ce]erations for all values of damping are acceptably close to the observed 
value of 1.10 g in the case of MPC; the CPC s1 ightly overestimates this. 
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The steady-state averages of the predicted displacement response are all 
reasonably close to the observed value of 0.264 in. The maximum peak-to-
peak displacement is predicted best by CPC with no damping (Table 5.6). 
From the results discussed in this chapter, it is apparent that 
for optimum response predictions for steady-state tests, the analytical 
model must exhibit roughly the same rate of d~cay of stiffness as the 
phys i ca 1 mode 1 " I n cases when th is is not ach i eved, s teady-s tate ave rages 
can sedousiy over or underestimate actual response. if, however, the 
maximum values are of interest, a reasonably good agreement can be attained 
between experiment and theory. 
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6. SIMULATED EARTHQUAKE TESTS 
6.·j ! ntroductory Remarks 
in this chapter, the behavior of the test frames subjected to simu-
lated earthquakes will be presented along with response analyses of the first 
runs for each specimen. A total of four frames were tested in this manner: 
HEl (two runs), HE2·(three runs), FEl (four runs) and FE2 (six runs). Ap-
pendix C contains a description of the creation of the simulated earthquake 
records and of the physical hardware employed. As noted there, for Series H 
the ea~thquake after which the motion of the test platform was patterned was 
the E! Centro (1940) N-S component and for Series F, the Taft (1952) N21E 
component. The original time axes were compressed by factors of 8 for El 
Centro and 5 for Taft. The ampl itudes of the accelerations did not increase 
by the same ractors because of the d i sp 1 acement 1 i mi ts imposed by the ave ral1 
system, The simu1ated earthquakes did contain the range of frequencies and 
acceleration amplitudes to cause a widely varying set of response acceler-
atron and dlSp!aCement values. In the foliowing, the observed behavior of 
the test specImens wi 11 be discussed separately. 
6.2 Observed Response 
The two runs for this specimen are shown in Figs. 6.1 and 6.2 and 
the corresponding index values are given in Table 6.1. I t should be noted 
that the base motion and response variables are plotted to different scales 
in Fig. 602. The very violent shaking at the beginning of Run No.2 was the 
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result of :urn ng on the tape recorder containing the analog form of the 
simulated earthquake after the earthquake simulator had already been switched 
on. The base' acce1eration record obtained after the 5.0 sec mark is identi-
cal to ~he reco~d obta~ned for Run No.1, although it may be difficult to 
notice Ihis because of the different vertical and horizontal scales. Be-
tween the 200 and SoD-sec marks in Fig. 6:.2 and also after the Iistrong 
motion ll part of the earthquake, there was nOise of 0.20 g amplitude and appro-
ximately 60 Hz frequency. t was not possible to get rid of this noise in 
any of the eatthquake tests" The test specimens of e~ther sedes, however, 
did not respond to this spurious excitat~on. If a particular base motion 
contained such a stretch at either the beginning or at the end, computations 
of response :n~iuded these stretches. 
The low amp1itude natural frequency of the specimen was about 26 Hz 
before testing began (Tab1e 6.1). This value is in agreement with values 
observed for other specimens in Series H. Again, there is a drastic drop 
in the average stiffness indicated by the natural frequency at the end of 
,the motion. From Ihe max~ma of observed response, it can be surmised that 
yield was atlalned during Run Noo I" The crack pattern after Run No.2, 
shown ;n Fig, 6·3, indIcates the severity of the damage incurred after this 
run. Cracking after Run Noo 1 had occurred only at the faces of the columns. 
After Run No.2, however, extensive bond failure could be observed in the 
column refnfo~cement anchored ~n the top and bottom beams, the crack width 
exceeded 0 0 25 in, at the upper end of the east column. In addrtion to the 
residual disp acement of 0063 Ino, the spec~men was observed to tilt side-
ways, but there was no coij lapse. The response acceleration max~mum of 2.65 g 
observed during Run No. 2s again nor explicable in terms of the computed 
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static strength of the specimen and must be accounted for in terms of strain 
rate effects (Appendix E). Despite the magnitude of the inertia forces 
produced, no incl ined cracking could be detected on the columns or in the 
j01 nIS 0 
That reinforced concrete has ample capacity to dissipate energy 
through hysteretic behavior is seen to be verified from the observed response 
plots. As soon as excitation falls below a given magnitude, response is 
sharplY attenuated; the degradation in the stiffness also moved the system 
response away f~~om !Iresonance" peaks. A qualitative idea on the rate of the 
stiffness degradation can be obtained from the zero-crossing entries made 
into the observed response tables. As the displacement records often show 
a tendency to drift from zero, the zero-crossings have been determined from 
the response acceleration plots only; the number of response acceleration 
and displacement reversals, however~ are always the same. The entries for 
the maxima in Tabie 6.1, as weil as other similar tables, indicate absolute 
values and their corresponding times. 
6.2.2 HE2 
Plots of the observed response during the three runs of this speci-
men are shown in Figs. 6.4 through 6.6. Due to a recording error, no response 
acceleration was obtained during Run No.1; the entires into Table 6.2 are, 
therefore, not made corresponding to this record. From the displacement re-
sponse plot in Fig. 6.4, however, it can be noted the response to the excita-
tron during Run No. was more intense than in HE1. This can also be veri-
fied by comparing the displacement maxima attained. 
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It was difficult to pick a sUitable stretch in the attenuating 
portion of the response plots to determine the natural frequency at the end 
of each run; the entries corresponding to these are the'refo're not macieinto 
Table 6.2.· The low';;'amp1itude natural fr~quency of the specimen decreased from 
23 Hz before Run No.1 to 8.7 Hz after Run No.2. The 23 Hz compares with 
the pre-testing natural frequencies of the three other specimens of Series H, 
but is lower than all three. The drop in the natural frequency, or equ,i~va­
lent1y, the stiffness, is again seen to be quite sudden at the beginning of 
response. The number of zero crossings, which indirectlY indicates the 
degradation in stiffness, IS nearly the same for the response acceleration 
of Runs No.2 and 3. Based on the number of reversals of the response dis-
placement (which are not necessarily equal to twice the number of zero cross-
ings because of the shift from the null axis) ~t appears that in a 5-sec 
duration, 48 reversals took place during Run No.1; in the same time span, 
about 41 reversals occurred in both Runs No.2 and 3. 
That the system is gradually becomIng "softer
" 
can be seen from 
Table 6.2. The base acceleration records of all three runs are nearly iden-
tical (Figs. 6.4,6.5 and 6,6) as are the maximum base accelerations. However, 
the maximum peak-to-peak response displacement is 0.450 in. in Run No.1, 
0.530 in. in Run No.2, and 0.550 in. in Run No.3, while the opposite trend 
holds for the response acceleration maxima; 2.44 g in Run No.2 and 2.30 g 
in Run No.3. This trend will also be observed when the test results of 
Series F are discussed. 
The crack pattern noted after the last run is shown in Fig. 6.7. 
Most of the cracks were formed after Run No. 1 and subsequent runs produced 
1 ittle further damage. At the end of testing, reinforcing bars could be 
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clearly seen through the cracks in the columns. As noted in Table 6.2, the 
residual displacements observed after Runs No.1, 2 and 3 were 0.120 in., 
00110 in. and 0.030in., respectively, and were all in the "negative" direc-
tion. Since a zero correction was applied to each transducer output after 
each run as explained in Appendix D, the displacement plots of Runs 2 and 3 
begin from a value of zero regardless of the permanent set experienced before. 
Hence, the cumulative permanent set induced in the specimen after Run No.3 
was actually 0.260 in., which is roughly 3.5 times the computed deflection at 
first yield (Fig. 3.15). The effect produced can be seen in Fig. 6.'], in 
which the relative size of the cracks are ihdicated by the weight of the 
lines. Bond failure in the bars was evident by the formations of cracks 
along them in the base and top girders. The two inner cracks in the base 
girder were along the steel piping which housed the bolts used for fastening 
the specimen on the test platform, but thes"e were formed during mounting. A 
small portion of concrete was also pushed outward by the reinforcing bars 
in the left beam-column joint during Run No.3. 
6.203 FEl 
The response observed in the four runs of this specimen is presented 
in Figs. 6.8 through 6.11 and the pertinent data compl1ed from these are 
summarized in Table 6.3. As mentioned at the beginning of this chapter, the 
base motion adapted for Series F was the N21E component of the Tehachapi 
earthquake of 1952 recorded at Taft, California. For seal ing purposes, the 
original duration was compressed by a factor of 5; the strong motion part of 
the"lIearthquake" reproduced lasted approximately 6.0 seconds. It can be 
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seen that a rather strong noise existed at the beginning and also at the end 
of each base acceleration recordo The single-peak ampl itude of this noise 
was approximately 0.30 g at 60 Hz. The frequency of the noise was such that 
the specimen did not respond to it In any degree. The number of zero 
crossings of the base acceleration reported in Table 6.3 does not include 
these noisy stretches of the records; however, it should be expected that 
some of the ze (0 eros sings in the liS t rong mot i on" pa rt of the records re-
flect this noise. It can be seen from the response plots that essentially 
the same base acceleration was repeated in all four tests with remarkable 
simi ladty. 
The successive responses in terms of acceleration and displacement 
values indicaIed the same trend noted in Series H: as the specimen became 
softer due to the cumulative effects of the damage incurred, it sustained 
progressively lesser inertia force, hence response acceleration, whi le the 
displacement values indicated the opposite trend. The number of zero cross-
ings of the response acceleration decreased from 86 in Run No.1 to 64 in 
Run Noo 4 accompanied by a rough1y 20 percent increase In the maximum peak-
to-peak displacement. 
it can be seen from Fig. 3.17 that the computed deflection at 
first yield of Series F is 00165 in. From Fig. 6:8, it is observed that at 
0.85 sec into the response, this deflection was exceeded for the first time. 
The maximum ducti lity (ratio of the displacement attained to the calculated 
yield displacement) attained during Run No, I was 4.05. in all runs, ducti 1-
ity ratios of this order of magnitude were attained a substantial number of 
times. 
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The small-amplitude natural frequency of 16 Hz before Run No. 
was reduced to 5 Hz after it. This variable more or less stabi1 ized in sub-
sequent runs" The cracking pattern shown in Fig. 6.12 was formed essentially 
during Run Noo I; 1ater runs added few new cracks, but widths of those that 
existed grew larger. It should be noted at this point that crack formation 
in Series F showed an important difference in relation to that observed in 
Series H. Whereas in the latter' series no inclined cracks whatsoever could 
be detected on the columns such cracks were formed in all three dynamically 
tested spec! mens of the former series (FD1, FEl and FE2), as well as FS 1, 
which was tested stat!ca1iy (Appendix D). Despite the fact that both series 
were geometrica!ly simi lar, the unit shear stress at the computed yield load 
for Series H was 112 psi and 158 psi for Series F. (Figures A.6 a"nd A.7 "of 
Appendix A indicate the dimensions of the respective series.) As noted in 
Appendix A, the average concrete compressive strength for Series H was 5700 
psi and for Series F 5400 psi. Assuming that concrete alone can carry an 
average shear stress of 21fT, ~t can be seen that Series H would require 
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transverse reinforcement in the columns if the shear stress exceeded 150 psi 
and Series F 146 pSI. Lateral ties were provided in the columns of both 
series; evrdent 1y only those in Series F contributed to lateral strength 
upon the formation of incl ined cracks. Because deformed bars were used in 
this series: better bond behav10r was observed and crack widths did not 
reach the dimensions sufficient to make bars visible. 
6.2.4 FE2 
in Figs. 6. i3 through 6.18, the measured base and response ac-
celeration, as well as the measured displacement plots of all six runs of 
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thiS specimen are shown. Various indIces of response have been summarized 
in Table 6,40 
A study of the base accelerat ons will indicate that essentially 
the same excHtatxOn as FE~ was reproduced~n t-esting thIs specimen. How-
ever, at the 1.0- and 3=75-sec marks of Run No.1, at the 1 .05-sec mark in 
Run No.2 and at the 0.85-sec mark in Run No.3, very high frequency and ampli-
tude noises (wh~ch~ incidenta11y, were audible) were generated. These were 
probably the {eSUit of a ~ack of tuning in this particular test and were 
eiiminated ;n succeeding runs. The~r effect on the response was inconse-
quentiai, however, as they were fr ltered out by the teSt specimen. The 
number of zero crossings of the base accele(a~ on was consequently greater 
~n thIs test than; '( was In the corresponding "strong motion " part of FEI 0 
A comparison of the response observed in Run No. 1 of both FE1 and 
FE2 w,-~l revea i a 5t:'!klng s:im~-~arity, The maximum response acceleration 
value, as wei i as the number of zero crossings, are nearly the same (Tables 
6.3 and 6-4) - The same holds for all the succeeding runs as far as the 
response acCeierd[iOn .s concerned: the max~mum observed value decreased 
In roughly the same fash~on In e~ther specimen, as did the number of zero 
cross:ngs- in FE2 j (he maxImum observed response acceleration of 1.94 g in Run 
No.1 became ~.62 9 0 Run No.6 and this decrease was at a rather steady 
pace. However, comparison of the observed peak-to-peak maximum displacements 
indicates that the base acceleration generated in FE2 was stronger than that 
in FE1: the co((esponding va~ues for Run Noo i of both are 1.350 In, and 
i 0025 ~no, r"espe{t~ve~yc Again, the displacement max~ma showed a cons istent 
upward trend in succeeding runs (Table 6.4). The smal1-amp1itude natural 
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frequency observed before testing began and the decrease in this after the 
first run are seen to have followed the same trend as observed for FE1. No 
entries are made into Table 6.5 for "natural frequency before run" from Run 
Noo 4 through Run No.6 since no observable motion could be induced in the 
specimen by striking a hammer at the top girde~. 
The crack pattern noted after the final run is shown qualitatively 
in Fig. 6.19. This is seen to be very similar to that shown in Fig. 6.12 
for FE~ although c~ushing of the concrete occurred at the top hinge of the 
east column during the final run which made bars at this location visible. 
The cracks in the top girder were visible only in later runs and were clearly 
flexural. Although no inclined cracks formed in the joints, these could be 
detected to have formed on the columns near the fixity points at the end of 
Run No.1. After the second run, the specimen was observed to have ti lted to 
one side sl ightly, but this did not increase in succeeding runs and response 
was obvrously mainly in the longitudinal direction. 
6.3 Calculated Response 
in this section, the response of the four specimens subjected to 
base motions simulating earthquakes wi 11 be studied analytically. As was 
done for the steady-state tests, attention wiil be restricted to the first 
tun of each specimen at the beginning of which the frame is presumably not 
cracked. Also, analyses will be presented for a total of six cases to arrive 
at a given test result: the computed primary curve (CPC) and the measured 
primary curve (MPC) each with 0, 1 and 2 percent of the critical damping 
based on the initial slope of either curve. The primary curves upon which 
calculations are to be based are shown in Figs. 5.21 and 5.22 for Series 
H and F~ respectively. 
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The results of the analyses for th!s specimen are shown in Figs. 
6~20 through 6~23. Figures 6,20 and 6;22 which are the predictions of the 
response acceleration for three different va~ues of damping based on the 
computed and the measLveci primary curves should be compared with the observed 
response given in Fig. 6.10 Figures 6021 and 6.23 are the corresponding 
calculated d'splacement responses and should be compared with the displace-
ment plot in Fig: 6 1. A summary of the analytical results is given in 
Table 6050 
Since there is not too great a difference between the strengths 
indicated by CPC and MPC, the calculared maximum response acceleration values 
are close TO each other for the same damptng ratio and agree with the observed 
value of 2, ~6 g. it is apparent, however, that CPC does not follow the ob-
served reduction in stiffness: the number of zero crossings of the response 
acceleration traces is consistently greater than the observed value of 137. 
Moreover, from Table 6.5, it is also evident that increasing the damping makes 
the analytical mode1 effectively st;ffer. This can be inferred from both 
the increased number of zero crossings and the natural frequencies at the 
end of motion, As to the maximum predicted ~esponse acceleration, a slight 
decrease ~s seen ~o occur for increas~ng values of damping. This trend is by 
no means consistent for a11 four test frames analyzed. The measured primary 
curve, on the other hand, doe~ better in predicting the response acceleration: 
the number of zero crossings, as well as the natural frequency at the end of 
the motion agree with the observed va~ues given in Table 601. I~ should be 
pointed out aga~n that the Initial slope of CPC corresponds to a natural 
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frequency of 36 Hz, while this value is 22 Hz for MPC. The values to which 
these are reduced are given in Table 6.5. 
in terms of maximum peak-to-peak displacement, neither primary 
curve results in a good predIction: CPC underestimates the observed value of 
0.168 in. for all three damping ratios, while MPC overestimates the observed 
deflection. increase in damping !s seen to cause a reduction in displacement 
ampl itudes; this observation had, of course, been made in the analysis of 
the steady-state tests also. Evidently, CPC remains too stiff, while MPC 
experiences too great a degradation in stiffness in relation to the actual 
case - hence, the lack of agreement in the displacement curves. 
Plots of the calculated response are presented in Figs. 6.24 
through 6.27. Figures 6.24 and 6.26, which are the predictions based on the 
computed and the measured curves, respectively (Fig. 5.21) can, of course, 
not be compared with any experimental results since no response acceleration 
was recorded due to a fault in the recording system in this particular test. 
The displacement responses corresponding to these, however, are to be viewed 
vis-a-vis the observed history presented in Fig. 6.4. The index values 
campi led from the figures mentioned above have been summarized in Table 6.6. 
That increasing damping causes an increase in the number of zero 
crossings in the response acceleration is observed again in this particular 
case: both the computed and the measured primary curves indicate this 
trend. if it may be assumed that the acceleration response observed in Run 
No.2 was comparable to that in Run No.1, it can be seen (Table 6.2) that 
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MPC for all three damping values probably represents the actual response ac-
celeration better. Another index which would verify this conclusion is the 
natural frequency of 13 Hz at the end of the first run indicated by MPC. 
Although this corresponds to a high-amplitude response and cannot be directly 
compared w~th the value of 9.7 Hz indicated in Table 6.2 (which is a 10w-
amplitude result), it can be stated, nevertheless, that the MPC and the actual 
model show approximately the same stiffness degradation. 
The goodness of the calculated responses can be studied by comparing 
Figs. 6.25 and 6.27 with the observed response displacement shown in Fig. 6.4. 
The CPC is seen to underestimate the actual displacement magnitude seriously, 
whi 1e MPC (zero damping) approaches the maximum peak-to-peak displacement 
fairly closely. In Fig. 6.4, it is seen that the displacement baseline 
shifted in the "negatl've
" 
direction at about the l.O-sec mark and ended up 
with a fina1 value of 0.120 in. Response based on MPC (zero damping) indi-
cates no such trend and, if anything, the analytical model experiences a 
shift in the "positlve" dj r'ectlon. 
The effect of increasing damping is again manifested by the de-
creasing displacement amplitudes. No such consistent trend exists in the 
response acceleration maxima, however. The number of reversals of the pre-
dicted displacement response for MPC agrees reasonably well with the experi-
ment for al I three values of damping. 
6.3.3 FEl 
Figures 6.28 through 6.31 are the results of the response analyses 
for test frame FE1. Figs. 6.28 and 6.30 should be compared with the response 
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acceleration given in Fig. 6.8; Figs. 6.29 and 6.31 are to be compared with 
the observed displacement response given in the same figure. Values given 
in Table 6.7 all pertain to Run No.1, The corresponding observed values are 
listed in Table 6.3. 
The static response curves, on whith the"analyses were based, are 
shown in Fig. 5022: the CPC whose initial slope yields a natural frequency 
of 22 Hz represents a Iistronger" model than the MPC, whose initial slope 
corresponds to a natural frequency of 13.5 Hz. As indicated in Table 6.3, 
the degradation in the stiffness of the actual specimen was such as to bring 
the natural frequency from 16 Hz before the first run "to 5 Hz after ito 
As in the case of Series H, CPC yields a model which is too stiff: 
the number of zero crossings of the response acceleration is consistently 
overestimated. The MPC, on the other hand, approximated the waveform better, 
at least in the number of zero crossings. The observed maximum response 
acceleration of 1.98 g :s predicted more closely by the CPC. The actual 
strength of the specimen must have been closer to the Ilcomputed il strength 
than the Ilmeasured il strength, both of which are shown in Fig. 5.22. It can 
be seen from Table 607 that Increasing damping causes a slight increase in 
the maximum response acceleration value. It should be remembered, however, 
that this is not a consistent trend as the result for Series H have already 
indicated. The predicted maximum peak-to-peak displacement ampl itudes are 
all acceptably close to the observed value of 1.025 in. There is, of course, 
a drop in these amplitudes for increasing values of damping, both for CPC 
and MPCo That MPC leads to a less stiff analytical model is indicated also 
by the fact that natural frequency after the stopping of the base motion is 
less than that ind~cated by CPC. The times at which the maxima are attained 
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are frequently not coincident in the actual and analytical models. While a 
given maximum may not occur at exactly the same instant of time in both, 
response of the same order of magnitude IS invariably seen to take place in 
either model D Hence, not too great an importance should be accredited to 
the time at which a single point (the maximum) is attained: simi larity of 
the observed and the ca1cu!ated waveforms in a given ti-me stretch is far more 
important, but it is at this point that an element of subjectivity is (unfor-
tunate'ly) introduced into the judgment of the I'goodness" of a fit" 
In Figso 6032 thtough 6035, the results of the analyses are shown. 
Figures 6,32 and 6.34 are to be compared with the observed response accel-
eration g~ven in Fig. 6.13 and Figs. 6.33 and 6.35 are the predicted ver-
sions of the observed response displacement given in the same figure. Data 
given in Table 6.8 are to be compared with those for Run No.1, indicated in 
Table 6040 
Neariy the same comments can be made for FEZ as were made for FE): 
the maximum observed response acceleration amplitude of 1.94 g lies in be-
tween the max;ma indicated by the two primary curves. The CPC consistently 
overestimates this value, wh 1e the c10sest the MPC comes is 1.82 g (case 
with 2 percent damping). As to the overall waveform, as indicated by the 
number of zero crossings of the response acceleration, the MPC does very 
good; the CPC, which remains stiffer, s]ightly overestimates this. In dis-
placement response agreement, the MPC again proves to be superior in ap-
proaching the observed peak-to-peak maximum of 1.350 in. That the MPC 
degrades further than the CPC is evidenced through the smaller values of the 
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natural frequency at the end of the motion listed in Table 6.8. If a given 
quantity of energy were to be dissIpated by hysteresis in one cycle, it is 
obvious that the CPC would not need to have the same excursion as the MPC, 
because for a given deflection It encloses more area under the force-displace-
ment curve, 
6.4 Concluding Remarks 
The greater portion of this chapter, as well as the preceding one, 
has been taken up by a comparison of actual and predicted responses. In 
Chapter 5, three, and in Chapter 6, four specific cases have been discussed 
in some detai 1. In no case, a perfect match between experiment and theory 
has been obtained, although there have been a number of very close agreements. 
In the following, the sources which lead to discrepancies are pointed out. 
10 Actual vs projected force-displacement response. The force-
displacement relationship advanced in Chapter 3 does simulate 
the response of a re~nforced concrete frame under load rever-
sals, but this simulation is in a piecewise linear fashion in 
contrast to the actual curved response. Differences frequently 
occur in the energy dissipated per cycle, as well as the zero 
load on displacement axes intercepts. Evidence of this can 
be noted in the arbitrary directions in which residual displace-
ments are accumulated in predicted response plots. Addition-
ally, for each specimen calculations based on two models were 
carried out: the computed primary curve (CPC) and the measured 
primary curve (MPC). The former was arrived at as a result 
of a number of (usually simplifying) assumptions concerning 
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materia beha~ or wh 'e the latter was founded essentially on 
the statIc responses of HSl and FSl for the respectIve series. 
Naturally~ each dynamically tested specimen must have had dif-
ferent force-d~sp~acement properries, rn varying amounts, from 
eIther modeL it f,S not lnconceJvabie that by trial and error 
a primary curve and a value. of damping ratio could be found 
for a g~ven case that would yield exactly the observed re-
sponse, in aLl pirobab:; !IY, though, the same variables would 
not yield too good a prediction if applied to a different 
test of an "~dentical" specimen which, to begin with, is not 
a sing1e-degree-of freedom system. 
20 Actual vs assumed excH:ation and response. in all studies 
reported here, it was assumed that the base and the center of 
mass of the osc~1lator moved in two hor~zontal lines in the 
same vertical plane" Dev~ations from this idealized situation 
must have been ref1ected in the responses observed. 
3, Stao::iC1S dynami:c force-d spl.acement r-esponseo implicit in 
the response pred~ction ca~culations was the assumption that 
the ideal~zed osc iL:I1:or exhib~ted identIcal static (slowly 
varying) and dynamic (rapid) responses. While this is a 
reasonable pre~ilmpt~on, ~[ was not exper mentally verified since 
It ~s dfff!cUlt to sepa(ate the "springll force from the 
"damping!! force in d dynamic expedmento (n addition, the 
damping force was taken into account w th a ~inear dashpot 
which may not necessarily be the case. 
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in view of all the assumptions made, the agreement obtained between 
experiment and theory was, in general, satisfactory particularly in the 
case of the simulated earthquake tests. 
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70 SUBSTiTUTE DAMPING FOR THE TEST FRAMES 
7. 1 In t roductory Rema rks 
The object of this chapter IS to evaluate the test results in order 
to obtain quantitative values of the substitute damping: the viscous damping 
for a linearly elastic osci ilator which would dissipate the energy supplied 
to a test frame in a given test run. Conceptually, substitute damping and 
equivalent damping are simi Jar. 
The concept of equivaJent viscous damping first evolved from at-
tempts at describing the steady-state response of a single-degree-of-freedom 
oscillator the motion of which could be expressed by a differential equation 
of the fol lowing type: 
in wh i ch 
mx + F(x) + kx = F sin wt 
o 
m mass of the oscillator 
(7. 1) 
F(i) - damping force, generally not linear but dependent only 
on the value of the relative velocity i 
k stIffness of the spring 
x relative displacement with dots indicating differentiation 
with respect to time 
w frequency of the exciting force with magnitude F . 
o 
The objective was then to determine the constant of proportionality 
c of the associated l!near oscil lator such that the forces F(x) (from Eq. 7.1) 
o 
and c ~ dissipated equal amounts of energy per cycle in steady-state response 
o 
with a constant displacement amplitude (Jacobsen, 1930). 
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When dissipation of energy takes place in a system through hyster-
esis, there are several ways of defining the viscous damping value of the 
equivalent system depending on the criterion which is to be satisfied. Hudson 
(1965), Jennings (1968) and Iwan (1970) give treatments of several aspects of 
the problem. There is still considerable controversy over the proper defin-
ition of equivalent viscous damping for a yielding structure. 
702 Energy Input and Dissipation in Linear and Nonlinear Systems 
Considering a linear single-degree-of-freedom osci llator subjected 
to a time-dependent base acceleration y = y(t), the equation of motion can be 
written as 
or 
in which 
.. 
mx + cx + kx = -my 
6 critical damping ratio 
c 2Bwm 
2 
w kim 
(7.2a) 
(7.2b) 
(7.3) 
(7.4) 
These equations are essentially the same as Eq. 7.1 except for the 
1 inear damping force terms. Equation 7.2b can be rewritten as follows: 
It is seen that at maximum displacement (~ = 0) the maximum abso-
lute acceleration (x + y) and maximum relative displacement (x) are related 
by 
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2 
- w x 
max 
(7.5) 
Hence, in a linear system maximum absolute acceleration, x + y, 
and maximum relative displacement, x, occur simultaneously. 
Equation 7.2a simply states the dynamic equi 1 ibrium of the various 
forces of an osci 1 lator the mass of which is acted upon by the force -my 
rather than an oscillator whose base is subjected to the acceleration y. 
Since the base acceleration presumably sets the oscillator into relative 
motion work must be done by its effect, the force -my, on the osci llator. 
The work done by this force as the osci 1 lator undergoes a small displacement 
dx is 
.. 
- my dx (7.6) 
The total work done between two time 1 imits to and tl is, after 
replacing dx by xdt to take the integration with respect to time, 
w -m (7.7) 
The work done (or the energy suppl ied) is seen to be dependent on 
both the nature of the excitation (y) and the response to it (~). Also, 
Eq. 7.7 holds for any system, whether 1 inear or not. 
Since the force - m y equals the sum of the inertia force m x, the 
damping force c x and the spring force k x, the work done by it must equal 
the collective work done by these three forces. 
The increment of work done by the inertia force m x can be deter-
mined as 
6W. m x dx 
I 
76 
Remembering that X = dx/dt and again replacing dx by xdt, the total 
work done between the two time limits to and tl becomes 
1 (.2 x.2) 2" m xl - 0 (7.8) 
in wh i ch 
Xl x(t l ) 
Xo x(t
o
)· 
It is seen that this term represents the instantaneous kinetic energy 
of the osci llator. 
The total work done by the damping force c~ between the same time 
limits of to and tl can be found to be 
t 1 
W J X• 2 dt d = c 
to 
Finally, the work done by spring force kx can be obtained as 
W k x xdt 
s 
Again making the variable change x = dx/dt and the pertinent change on the 
integration limits, one obtains 
xl 
k f ~k 2 x2) W . x dx = (x -s 2 1 0 7.10) 
Xo 
in wh i ch 
xl = x (t 1 ) 
Xo x (t 0) 
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This term then represents the instantaneous value of the potential 
energy of the system. 
If the time limits to and tl are taken as the beginning and end of 
the system response to the base acceleration y, all the work done by the 
force -my (which is the energy suppl ied to the system) must be dissipated 
within the viscous dashpot during the interval considered since the kinetic 
and potential energy terms (Eqs. 7.8 and 7.10) become zero. Then, by equating 
Eqs. 7.7 and 7.9 one would obtain 
. 
x dt 
c = (7. 11) 
in wh i ch 
t total duration of response. 
There are easier ways of arriving at c or (through Eq. 7.3) at 6. 
However, regarded purely from an experimental point of view, if the base 
acceleration y and the resulting relative velocity x could be recorded as 
functions of time in a test environment, Eq. 7.11 could be evaluated to yield 
a constant of proportional ity c. 
As pointed out before, the energy suppl ied to an oscillator as 
given by Eq. 7.7 is independent of its physical properties. If two oscil-
lators with the same mass m, one linearly elastic the other nonlinearly elastic 
were to be subjected to the same base motion, the energy input would be dif-
ferent since the response history x(t) (hence x(t)) would not be the same for 
the two systems. 
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in a system with hysteretic behavior Eq. 7.10 is no longer valid 
since k is time-dependent and the work done by the spring force is the cum-
ulative sum of the areas inside the hysteresis loops generated during re-
sponse. Even if such a system were to have 1 inear viscous damping, the value 
of c could be arrived at only after the total work done by the spring force 
was subtracted from the numerator of Eq. 7.11. 
Whether dissipation of the supplied energy takes place through 
hysteresis or by damping (not necessari 1y viscous) or by a combination of 
the two, the view can be taken that if the energy supplied to a system and 
the resulting velocity response can be experimentally determined, a value 
of that value of the constant of proportionality, c, for a viscous dashpot 
can be found from Eq. 7.11 which, given the same velocity response as the 
original nonlinear system, would have dissipated all the energy imparted to 
that system in the time duration under consideration. It should be stressed 
at this point that such a dashpot is only a hypothetical tool and has no 
physical significance. To relate the value of c (which has the dimension of 
(force x time)/(length) to the properties of the system in which the dissi-
pation of energy has taken place through Eqs. 7.3 or 7.4 would require that 
a certain ci rcular frequency, w (or, equivalently, stiffness, k) be defined. 
The response of the linear system with these values of c and k to the same 
excitation would of course not be the same as that of the original nonlinear 
system either in ampl itude or in waveform. However, if the same maximum 
response (in terms of absolute acceleration, relative velocity or displace-
ment) is obtained for both, this would be useful from a practical engineering 
point of view. 
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7.3 Determination of the Energy input to the Test Spec1mens 
In all dynamic tests included in this report, records of the abso-
lute acceleration a[ the mass level (~+~), the base acceleration (~) and 
the displacement of the mass level with respect to the base (x) were obtained. 
Care was exercised to have the accelerometers pointing in the same direction. 
This directional uniformity was f~rther verified by the fact that a test 
signal for the two accelerometers monitoring the response and the base 
mc)'[ Ions produced a vo·~ cage of the same sign. 
The voltage outputs from all transducers were brought as close to 
zero as possible before the first test run of each specimen. Nevertheless, 
records sti 11 frequently showed an offset from the zero axis at the beginning 
of succeeding test runs. To correct this shift, the procedure described in 
Appendix B was employed. The resulting voltage outputs, after proper scale 
transformations, have been reported under the title of Ilobserved response. 11 
When acceleration outputs were integrated during subsequent analyses, however, 
it was observed that the resulting velocity (hence displacement) records 
showed a strong tendency to drift away from the zero aXIs regardless of the 
accuracy of the integration formula employed. As no errors were presumed 
to have taken place during the dig~t;zing process, it became apparent that a 
small visually undetectable DC component had been retained in the records 
which gave rise to this phenomenon and that a base~ine correction needed 
to be carried OUt on the accelerat~on records. 
The problem of basel ine correction for accelerograms recorded in 
the past has been a~scussed, among others, by Berg and Housner (196]), 
Brady (1966) and Am~n and Ang l1966). There are several procedures used to 
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adjust the basel ine of a digitized acceleration record to obtain a set of 
acceptable velocity and displacement curves. The approach adopted herein was 
first proposed by Berg and Housner who assumed that the "true" acceleration 
basel ine was a second degree parabola the constants of which could be ob-
tained by minimizing the computed square error in the velocity. 
The parabol ic adjustment to the uncorrected basel ine gives the 
following expression for the "true" acceleration history y,I,(t) 
(7. 12) 
in which 
uncorrected acceleration 
coefficients of the second degree basel ine. 
The Iitrue" velocity Y·~(t) then becomes, if it is assumed that 
in which t 
'itt) = J y(z;)dl; 
o 
(7 .13) 
In order that ~*(t) has a minimum mean square value, the fol lowing 
three equations must hold 
in which 
d 
dc. 
I 
T 
J 
o 
2 
dt = 0 
T duration of the record. 
( i 0, 1,2) (7 . 14) 
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Substituting from Eq. 7.13 into Eq. 7.14 and evaluating immediately 
where possible, the fo1 lowing expressions are ob ta i ned 
T 
1 3 1 4 + 1 T5 
-J ty(t)dt 3" cOT + 'E" c 1T 15 c2 
0 
T 
1 4 4" cOT 1 5 + 10 c l T 
1 6 
+ TE' c2 T -J 2· t y(t)dt (7. 15) 
0 
T 
1 5 5" cOT 1 6 + IT c l T 
1 7 
+ 2T c2 T -J t 3y(t)dt 
0 
The expressions in Eq. 7.15 can be solved for the three constants to yield 
the fa 11 owi ng 
300 f T til{ t) dt iT 2 630fT t 3y(t)dt 900 t y(t)dt 
0 0 0 
Co T3 
+ 
T4 T5 
1800 iT ty(t)dt 5760 IT t 2y (tl dt 4200fT t 3y(t)dt 
0 0 0 (7. 16) c1 T4 T5 
+ 
T6 
1890 fT ty(t)dt 6300 fT t 2y(t)dt 4725 iT t 3y(t)dt 
0 0 0 C2 T5 
+ 
T6 T7 
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Hence, the corrective terms to the true acceleration are obtained through 
the use of the uncorrected velocity y(t). 
To compute the energy input to the test frames during a given 
test run, the procedure described above was app1 ied to the difference of all 
absolute acceleration (i + ~) and base acceleration (~) records. Since both 
quantities were known to require basel ine corrections, their difference x 
was presumed to do likewise. The uncorrected relative velocity was obtained 
using a trapezoidal integration formula while the integrals in Eq. 7.16 were 
evaluated through the use of a four-point integration scheme. When the co-
efficients were evaluated from Eq. 7.16 and the corrected velocities plotted, 
no drifts from the zero axes were observed~ The coefficients themselves were 
invariably so small quantities that if the corrected acc~lerations (corre-
sponding to Eq. 7.12) had been plotted, no differences would have been visua1-
1y noted from the uncorrected plots. Having obtained the (corrected) re1a-
tive velocity X, substitution was made into Eq. 7.7 which, when solved 
numerically, yielded the quantity of the energy supplied to a test frame in 
a given run. 
7.4 Substitute Critical Damping Ratios 
Having obtained the energy input and, simultaneously, the numerical 
value of the integral 
~T x2 dt 
o 
the constant of proportional ity c of the imag-inary 1 inear dashpot which, 
given the same relative velocity history x(t) as the test frame, would have 
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dissipated all the energy supplied to it could be determined from Eq. 7.11. 
To transform the value of c to the more fami liar critical damping ratio B 
would require that a characteristic circular frequency or stiffness be 
defined (Eqs. 7.3 and 7.4). This definition was accompl ished through the 
use of Eq. 7.5 and the characteristic circular frequency Wo of the test 
frame was defined as 
w 
o '
(x + "") y maX 
It is seen that the circular frequency defined as above depends on the 
(7 .17) 
response and a given specimen may have different values of Wo in different 
test runs. This definition is not quite as arbitrary as it appears at 
first and corresponds roughly to that frequency which would have been based 
on the stiffness obtained by joining that point on the primary curve where 
the maximum displacement is attained to the origin. In the discussion of 
the observed response in Chapters 5 and 6, numerous references were made to 
the large reductions in the average stiffness of the test frames as evidenced 
by the natural frequencies. As the ultimate aim in the definition of the 
substitute damping as used herein was to reconcile maximum response with that 
of a 1 inear system, the stiffness used was taken equal to the effective 
stiffness at the time when the maximum response was attained. The substitute 
critical damping ratio could then be obtained from the following expression 
m 
(T 
j" yxdt 
o (7.18) = 
IT 2 2mw x dt o 0 
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The values of B obtained from Eq. 7.18 have been plotted against 
s 
the values of w in Fig. 7.10 It is seen that there appears to be consid-
o 
erable scatter in the values obtained, however, there is the tendency that 
for larger values of w , i.e., for those cases where the reduction in the 
o 
stiffness, or, equivalently, the damage incurred is low, the substitute 
damping Bs values are also low. It should be noted that Run No.4 of HDl 
and Run No.1 of HE2 were not included in the computations as no records 
of absolute acceleration were obtained in these tests. Also, Run No.1 of 
HDl was left out as this was the only case in which the maximum displacement 
attained was less than that at yield. 
The tendency of increasing B for increasing damage sustained can 
s 
perhaps be seen better in Fig. 7.2 in which values of B have been plotted 
s 
against the maximum ductility ratios (the ratio of maximum relative displace-
ment to computed displacement at yield) attained. For low ducti lity ratios, 
B tends to approach zero as would be expected of a bilinear system. For 
s 
ductil ity ratios of approximately 5 to 6, B is about 0.10 to 0.12. Some of 
s 
the scatter in the results presented in Fig. 7.2 is due to the fact that the 
maximum ducti] ity is in fact a single point; two simi lar specimens having 
the same maximum displacements may have widely varying average displacement 
values which would indicate different energy inputs. 
7.5 Comparison of O,bserved Acceleration and Displacement Maxima with 
Spectral Values 
One of the problems in earthquake engineering is to determine how 
a given structure will behave if it is subjected to a strong motion base 
excitation. In particular, the maximum forces, stresses and strains that 
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the structure will experience dur~ng the base excitation are of major concern 
to the designero The plot showIng the maximum response of a iinear single-
degree-of-freedom oscillator w]th different values of natural frequency and 
of damp;ng IS referred to as the response spectrum (Alford, et alo, 1964). 
Response spectrum techniques have been widely employed in earthquake engi-
neering research (Hudson, 1956, Hausner, 1959)" Researchers have also been 
aware of the fact that if designs were to be based on maxima indicated by 
1 inear response spectra, unacceptably uneconomical structures would result. 
Systemar C srudies have been made of the response of yielding structures 
subjected to strong medon earthquakes (Veletsos and Newmark, 1960, Penzien, 
1960, Jennings, 1963, Veletsos, et aL, 1965, Giberson, 1967)0 Considerable 
effort has been expended in other stud~es at obtaining maximum response values 
for nonl inear structures from spectra calculated for linear systems. 
In Fig" 7,3~ the linear response spectra of all the test runs in-
cluded in Figs. 7.1 and 702 are presented. All response spectra contain four 
curves representing fo~r damping ratios: 0, 5, 10 and 20 percent of criticalo 
In agreement w th simi lar presentations made elsewhere, maximum relative 
velocity and absoiute acce~erations are presented along with maximum relative 
displacement values on the same plots (Veletsos, et al., 1965). 
jn the previous sect~on, through calculations involving the energy 
input to a test f(ame in a given run and the definition of the "characteristid ' 
circular frequency (hence the "characteristic" stiffness) w[th the expres-
sion given in Eq. 7"17~ a set of substitute damping ratios have been obtained. 
A study of Tables 50 I., 502, 503, 6.1, 602, 6.3 and 604 will ~ndicate that 
maximum response acce1eration and maximum relat1ve displacement were not 
86 
always attained simultaneously, particularly in the simulated earthquake 
tests in which the displacement baseline shifts were more prominent than in 
steady-state tests. However, at the instant when the maximum response ac-
celeration was attained, a displacement very close to the actual maximum 
was invariably also attained. To evaluate w , the records of (y + x) and 
o 
(x) were searched through and their respective maxima substituted into 
Eqo 7.170 Since the square root of the two were taken, the error intro-
duced by basing w on two values not coincident in time was further re-
o 
duced. 
Because it provides an indirect check of the data reduction and a 
vehicle for using values of substitute damping ratios in design, it is of 
interest to reevaluate the test results !lbackwerds lJ by using the response 
spectrum technique with the experimentally determined values of character-
istic ci rcu1ar frequency (obtained from Eq. 7.17) and substitute damping 
ratio (obtained from Eq. 7.18). 
The observed maximum response acceleration and (single-peak) rela-
tive displacement values of each test run considered in Figs. 7.1 and 7.2 
are listed in Table 7.1. The calculated S for each test run is also given. 
s 
Then, with the circular frequency given by the square root of the ratio of 
the maximum observed acceleration and displacement values (after a recon-
ci 1iation of dimensions) and the calculated substitute damping ratios, the 
spectral values of the accelerations and displacements were obtained for 
each case from the pertinent spectrum plot in Fig. 7.30 It should be noted 
that the response spectra abscissae are in units of Hz which is obtained 
by dividing the ci rcular frequency value by 2TIo Linear interpolation was 
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employed to determ!ne the spect;a~ vanues, w~th respect to both damping and 
frequency, uSing the numerical output for the response spectra. 
In view of the jagged form of response spectra, particularly those 
of simulated earthquake records and the difference between values obtained 
for a given frequency for d~fferent damping ratios, the agreement observed 
in spectral and actual maXlma in Table 7.1 is good. While agreement is cer-
tainly not one-to-one in all cases, values of at least the same order of 
magnitude are invariab~y always obtained. 
7.6 Use of Substitute Damping in Preliminary Analysis 
The concept of substitute damping may be used In making preliminary 
estimates of the maxim~m ~esponse of similar test specimens and also, where 
the conditions are comparable, of reinforced concrete structures in the field 
uSing the following procedure,. 
1" Calculate the primary curve for the structure as illustrated 
; n Chapter 3. 
2. Est mate the maximum displacement (or, equivalently, ductility) 
that wo~ld be experienced for the given base motion. Obtain 
the "characte:,istlc" stiffness of the structure by joining 
with a st"alght line the point on the primary curve corres-
pond!ng to the maxImum displacement to the origin. Determlne 
the naturai frequency corresponding to this stiffness~ 
3. W~th the va(ue of the ducti 1 tty obtained in the preceding step, 
go to F~go 7.2 in which a single curve has replaced all the 
data points as a result of a regression analysis and determine 
the substitute damping ratio. 
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4. With the frequency obtained from 2 and damping from 3 go into 
the l,near response spectrum and determine the spectral dis-
placement. If the estimated and spectral displacements agree, 
design should be based on the corresponding ductility. If 
they do not, using the spectral displacement as the new esti-
mate for the displacement, go through a second iteration 
covering steps 2, 3 and 4. 
To illustrate the procedure described, Run No.1 of FE2 will be 
analyzed. From Table 7.1 it can be seen that the specimen had a maximum re-
sponse acceleration of l.94 g and a single-peak maximum displacement of 
0.845 in. The iteration steps are given in Table 7.2. Assuming a maximum 
displacement of 0.5 in. to start the computations, the characteristic stiff-
ness is obtained by joining the point on the (idealized) primary curve (Fig. 
3.16) for the given displacement to the origin. From the stiffness deter-
mined, the circular frequency corresponding to Eq. 7.17 is obtained. The 
substitute damping ratios have been determined from Fig. 7.2 for each duc-
ti1ity ratio. It is seen that the assumed and spectral displacement value 
are nearly the same after the third iteration and compare very favorably with 
the actual value of 0.845 in. The maximum response acceleration can be esti-
mated from the spectral displacement of 0.75 in. and circular frequency of 
-1 32.8 sec obtained during the third iteration as 
2 0.75 x (32.8) 
386.4 2.10 g 
This value also is in good agreement with the actual maximum of 1.94 g. 
8. SUMMARY AND CONCLUSIONS 
801 Object and Scope 
The work described in this report was part of an investigation of 
the resistance of reinforced concrete buildings to earthquake motions with 
the overall objective of developing a realistic analytical model for the 
response of reinforced concrete systems to earthquakes. The research includes 
analyses and tests of components and s!mplif!ed models of reInforced concrete 
structures us~ng the University of illinois Earthquake Simulator. 
Tests of re~nforced concrete columns were reported by Takeda, et 
alo (970) 0 Thrs I~eport contains results and analyses of static and dynamic 
tests of one-story~ one-bay frames. The test specimens were grouped as fol-
lows in relation to size and testing conditions: 
Speci:men Type 
Small Seale 
Large Scal e 
Static Loading 
HS'j ~ HS2, HS3 
FSl 
Dynamic Base Motion 
Steady-State 
HOi ~ H 02 
FDi 
Simulated Earthquake 
HE1, HE2 
FE1, FE2 
The spec~mens tested statically were subjected to displacements 
comparable to those observed n the earthquake simulation tests. The base 
motions were sinusoidal in the steady-state tests and represented one com-
ponent of a recorded earthquake motion in the simulated earthquake tests. 
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8.2 Description of the Experimental Program 
8.2.1 Test Specimens 
The dimensions of the test frames are given in Figs. A.6 and A.7. 
No particular prototype frame was modeled for testing. However, the speci-
mens can be considered to have scale factors of 1/4 (Series F) and 1/8 (Series 
H) 0 Based on the gross area, the columns had reinforcement ratios of 0.016 
in Series Hand 0.018 in Series F. Ties were provided in the columns for 
both series. 
Concrete strength varied from 4200 to 7100 psi. Series H rein-
forcement had a nominal static yield stress ne~r 39,000 psi. This value was 
48,000 ps i for Seri es F. 
8.2.2 Experimental Procedure 
In those tests in which the specimens were subjected to dynamic 
base motions, experiments were carried out on the University of Illinois· 
Earthquake Simulator which is discussed in detai 1 in Appendix C. To provide 
the requisite inertia forces, steel plates (weighing 4000 1b for Series F 
and 649 lb for Series H) were the bolted to the top gi rder on either side 
(Fig. A. 10). Measurements included the base acceleration, response acceler-
ation at the level of the added steel plates, and the displacement of the 
top girder. All data were continuously recorded on magnetic tape during 
dynamic testing. Data recorded in this manner were later digitized at dis-
crete time intervals with the help of an IBM 1800 Data Acquisition and Con-
trol System. 
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l n the s tat l c (s 1 owl y al t ern a tin g ) t est s , the spec ! mens we re sub -
Jected to cycles of loading in two directions (Figs. A.8 and A.9). Measure-
ments taken in the static tests included lateral force, displacement and, 
if gages had been provrded, reinforcement strain in the columns. 
8.3 Response of Re~nforced Concrete Frames Subjected to Dynamic Base Motions 
803Q 1 Steady-State Base Motions 
The base acce eration frequency and amplitude were kept at a con-
stant value during a g~ven test rune The low-amplitude natural frequencies 
of all specimens were all greater than the frequency of the base motions 
before the fi rst rune However, with a few cycles of osci 1 "Iat!ons, the effec-
tive st~ffness and the corresponding natural frequency values were profoundly 
and very rap[dly decreased. When the effective natural frequency became equal 
to that of the excltatlon~ a quasi-resonant response state was attained with 
relative disp1acement and response acceleration ampl itudes reaching far greater 
values than the;r average steady-state values. This resulted in further dam-
age being incurred in sections where reinforcement had yielded; the effective 
natura1 frequencies were therefore reduced further and response attenuated 
sharp~y, Succeeding test runs on the same specimen, although with greater 
base acceleration amplitudes, frequently failed to produce the response levels 
which had been attained during quasi-resonance. That the effective stiffness 
had reached stable values past resonance could be discerned from the stabi 1-
ized response ampl~tudes. 
Because of alternated pull ing and release of the reinforcing bars, 
bond strength was rapidly lost. However, because of the joint detai 1s of 
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of the specimens and the absence of high axial stresses in the columns, no 
collapse was observed in any of the test specimens. 
8.3.2 Simulated Earthquake Base Mot1ons 
Two different base motions were employed in the experimental pro-
gram. For Series H, the N-S component of the 1940 Imperial Valley Earth-
quake recorded at El Centro, California, was double integrated with a 
velocity correction and converted into a voltage signal which was recorded 
on a magne tic tape. Th iss i gna 1 was then I'p 1 ayed" into the input modu 1 e of 
the simulator after compressing the duration by a factor of 8 to produce the 
desired motion of the test platform. For Series F, on the other hand, the 
digital-to-analog feature of the IBM 1800 Data Acquisition and Control System 
of the University of III inols Department.of Computer Science was employed. 
The digitized N21E component of the 1952 Tehachapi Mountain Earthquake re-
corded at Taft, Cal ifornia, was converted automatically into a continuous 
stream of voltage signals by this system at a time scale compression factor 
of 5. The resulting signals were again recorded on a magnetic tape which 
later produced the driving signal for the input module. 
The "earthquakes" created by both methods contai ned the proper 
acceleration amplitudes and frequencies to cause yielding to take place in 
the specimens during their first test runs. As in the steady-state tests, 
a very rapid reduction in stiffness resulted as soon as the strong-motion 
base acceleration began. When a given specimen was subjected to the same 
base acceleration a number of times, maximum response accelerations attained 
generally showed a decline while displacements attained indicated the oppo-
site trend. That considerable dissipation of energy could take place through 
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the yfie[d~ng of the re:nforcement at the joints was indicated by the very 
rapid attenuatlon of response when the level of the excitatlon dropped. 
The max~mum d sp1acements attained varied considerably from test 
to tes:, The m~r!mum ducti ty rat~o recorded was 1.33, the maximum 12.7. 
The max~mum response acceleratjon ampl itudes were limited by the strength of 
the specimens" Crack patterns formed on the test frames after the experi-
ments were essentially the same as those observed after steady-state tests 
and the cracks were generally confined to the joint-column interfaces. 
8.4 Respo~se of Reinforced Concrete Frames Subjected to Static Alternating 
Forces 
Spectmens HS1, HS2 and HS3 were subjected to a series of displace-
ment cycles which varied randomly (Figs. 0.1, 0.3 and 0.5). The displace-
ment history for FSI was patterned after that measured during the initial 
The resu!ts confirmed the characteristics of the static response 
curve under monotonic oad~ng: 
1. A f rst stage :e~minated by a change in slope attributed to 
c~' ack j ng, 
20 A second stage terminated by yielding of the reinforcement, 
and 
3. A th~(d stage afte~ yieiding of the re~nforcement. 
For all spec~mens the measured slope of the response curve in the 
first stage was approxtmate1y one-half the calculated slope based on an un-
cracked cross section~ a discrepancy attributed primarily to the presence 
of differential shr~nkage cracks at the beam-column interfaces. 
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The signs of distress which appeared after cycl ic loading into the 
thi rd stage were spalling of the concrete and bond failure at the joints. 
The generai trend of the results indicated that for an increasing 
number of cycles to the same displacement limits, the effective stiffness 
and the area contained within the hysteretic loop decreased at a decreasing 
rate. 
The shape of the hysteretic loop resembled that for a stiffening 
spring after several cycles at a given displacement limit, into the inelastic 
range. 
8.5 Analytical Model for Calculating the Response of Reinforced Concrete 
Frames 
In order to account for the energy loss through hysteresis and the 
reduction in the average stiffness, a series of rules were used to define 
the shape of the static force displacement relationship at different levels 
of loading (Fig. 3.17). When observed static response was compared with 
that calculated on the basis of the proposed rules, satisfactory agreement 
was obtained (Figs. 3.18 and 3.19). 
To calculate the dynamic response of the test frames, the equation 
of motion of a single-degree-of-freedom system with the assumed force-
displacement relationship was solved in a step-by-step procedure. The cal-
culated responses (Tables 5.4 through 5.6 and Figs. 5.23 through 5.34 for 
steady-state tests and Tables 6.4 through 6.8 and Figs. 6.20 through 6.35 
for simulated earthquake tests) compared favorably with the observed re-
sponse (Tables 5.1 through 5.3 and Figs. 5.1 through 5.18 for steady-state 
tests and Tables 6.1 through 6.4 and Figs. 6.1 through 6.18 for simulated 
95 
earthquake tests). To investigate the effects of viscous damping, all 
response calculations were made for 0, 1 and 2 percent of critical damping 
ratios, based on the initial slope of the force-displacement curves. 
By assuming that a1] the energy suppl fed to a test frame in a 
given test run were to be d~ssipated in a linear viscous dashpot, substitute 
damping rat10s were obtainedc W!th this damping ratio and a natura] frequency 
based on the observed response acceleration and displacement maxima, maximum 
response was ca~culated from a linear response spectrum. Comparison of re-
sponse obtained in this way and that observed yielded favorable results. 
8.6 Conclusions 
On the basls of the test results and the analyses carried out, the 
following conc!us!ons can be made: 
Reinforced concrete frames can dissipate considerable energy 
through hysteresis if ducti lity is insured through the use 
of proper detailing of the longitudinal bars and transverse 
reinforcement in the columns and in the joints; 
2. To calculate the response of reinforced concrete frames sub-
jected to base motions, the analytical model should represent 
the strength and ductility and changes in stiffness of the 
physical model. When this is achieved, it is not necessary 
to invoke sources of energy dissipation other than hysteresis; 
3. The reduction rn stiffness of frames subjected to lateral 
forces was quite sudden and drastic. Response was critically 
affected by the rate of this reduction which decreased after 
a few cycles of loading to past yield; 
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4. When a given frame was subjected to the same simulated earth-
quake base motion several times, the amplitudes of the dis-
placements increased while the inertia forces sustained by 
the frame decreased; 
5. Using an analytical model which took into account the previous 
loading history of a frame, it was possible to obtain satis-
factory agreement between response observed in static or dynamic 
testing with that calculated on the basis of the analytical 
model; 
6. Sl ip of the anchored reinforcement contributed an important 
portion of the total lateral deflection. With alternate pull 
and release on bars at critical cross sections during dynamic 
or static testing, bond quickly deteriorated. However, be-
cause the frames tested had insignificant axial loads in the 
columns, this condition did not lead to instabi lity or col lapse 
at advanced stages of deformation; 
7. Using the concept that all the energy supplied to a test frame 
during the base motion to which it was subjected was to be 
dissipated in a linear viscous dashpot, it was possible to 
arrive at a substitute damping ratio. With this particular 
damping ratio and an effective natural frequency based on the 
maximum response accelerat!on and relative displacement values, 
it was possible to arrive at the observed response maximum 
through the use of a linear response spectrum. A simple iter-
ative procedure was devised to calculate the maximum response 
of a test frame given the linear response spectrum of the base 
motion to which it would be subjected. 
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TABLE 5.1 OBSERVED RESPONSE, SPECIMEN HOI 
(Figs. 5.1 through 5.6) 
Base Acceleration Response Acceleration -Response Displacement Natural Natural 
Freq. Freq. 
Steady- Steady- Steady- Baseline Before at End 
Run State State State Shift at Run of Run 
No. Freq. Max. Time Avg. Duration Max. Time Avg. Max. ~'. Time Avg. ~'. End 
Hz 9 sec 9 sec 9 sec 9 in. sec in. in. Hz Hz 0 
16 0.75 2.80 0.63 3.4 1.27 3.22 0.63 0.055 3.22 0.034 0.0 21.0 
2 II 1. 23 0.68 0.93 1.0 2.38 0.48 1. 42 0.300 0.60 0.192 -0.010 24.0 10.0 
3 II 1. 30 2.61 1. 17 2.5 1. 44 2.66 1. 02 0.212 2.66 0.191 0.0 8.5 
4 II 1. 50 0.68 1. 27 2.4 0.240 0.85 0.216 0.0 12.5 8.5 
5 II 1. 52 0.90 1. 26 2.5 1. 52 2.48 1. 10 0.224 2.48 0.200 0.0 13.0 8.0 
6 II 1. 78 J. 55 1. 70 3.2 2.40 0.35 1. 10 0.378 0.36 0.230 0.0 12.0 8.0 
;'\ Peak-to-peak value. 
TABLE 5.2 OBSERVED RESPONSE, SPECIMEN HD2 
(Figs. 5.8 through 5.13) 
Base Acceleration Response Acceleration Response Displacement Natural Natural 
Freq. Freq. 
Run Steady- Steady- Steady- Baseline Before at End 
No. State State State Shift at Run of Run 
Freq. Max. Time Avg. Duration Max. Time Avg. Max. ,'t Time Avg. ,', End 
Hz 9 sec 9 sec 9 sec 9 in. sec in. in. Hz Hz 
0 
N 
16 1.0 0.45 0.96 4.7 2.64 0.28 0.80 0.276 0.28 .160 0.0 28.0 10.0 
2 II I. 01 1.0 4.7 J. 83 0.18 0.65 0.268 0.18 .145 0.0 13.3 10.0 
3 II 1. 03 0.98 4.7 1. 73 0.28 0.64 0.262 0.28 .147 0.0 12.8 10.0 
4 II 1. 04 4.02 1.0 4.7 1. 73 0.24 0.65 0.264 0.24 .148 0.0 12.3 9.0 
5 II I. 41 2.28 1. 31 4.2 I. 64 0.61 1.40 0.280 0.65 .240 0.0 IJ.6 10.0 
6 II 1. 40 0.57 1. 30 4.5 I. 51 4.31 1. 15 0.244 4.31 .234 0.0 12.8 10.0 
Peak-to-peak value. 
Percent Damping Ratio 
Unit 
·Max. Va I ue 
Time, sec 
Steady-State Avg. 
Natural Freq. at End, 
Hz 
Baseline Shift at 
End, in. 
Peak-to-peak value. 
TABLE 5.4 CALCULATED RESPONSE, SPECIMEN HDI RUN NO. I 
(Figs. 5.23 through 5.26) 
Calculated Response Acceleration Calculated Response Displacement * 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
0 2 0 2 0 2 0 2 
9 9 9 g 9 9 in. in. in. in. in. in. 
0.88 0.97 0.86 2.03 2.05 2.06 .024 .032 .023 .230 .216 .210 
3.23 3.23 3.23 0.40 0.38 0.40 3.23 3.23 3.23 0.38 0.38 0.55 
0.70 0.65 0.65 1.60 1. 72 I. 79 0.015 0.015 0.015 .170 . 185 . 180 
24 23 14 14 14 24 23 14 14 14 
0.006 0.010 0.006 -0.025 0.005 0.00 
0 
...I::-
TABLE 5.3 OBSERVED RESPONSE, SPECIMEN FDI 
(Figs. 5.15 through 5.18) 
Base Acceleration Response Acceleration Response Displacement Natural Natural 
Freq. Freq. 
Run Steady- Steady- Steady- Basel ine Before at End 
No. State State State Shift at Run of Run 
Freq. Max. Time Avg. Duration Max. Time Avg. Max.* Time Avg. ;~ End 
Hz 9 sec 9 sec 9 sec 9 in. sec in. in. Hz Hz 
0 
\..oJ 
13 J. 44 0.17 1. 36 4.7 2.04 0.10 1. 10 0.447 0.10 0.264 0.010 16.0 8.0 
2 II 1.60 0.24 J. 38 4.7 1. 71 0.15 1.00 0.362 0.20 0.250 0.000 10.0 8.0 
3 " 1. 91 0.14 J. 64 4.6 1. 89 0.20 1. 08 0.420 0.20 0.300 -0.010 9.0 7.4 
4 7 2.60 0.15 2.10 4.7 2.10 O. 15 1. 53 1.340 0.15 1.150 0.000 9.0 4.2 
* Peak-to-peak value. 
TABLE 5.5 CALCULATED RESPONSE, SPECIMEN HD2 RUN NO. 1 
(Figs. 5.27 through 5.30) 
Calculated Response Acceleration Calculated Response Displacement .. 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
Percent Damping Ratio 0 2 0 2 0 2 0 2 
0 
Unit 9 9 9 9 9 9 in. in. in. in. in. in. V1 
Max. Value 2.18 2.10 2.17 2.15 2.08 2.09 0.235 0.210 0.185 0.260 0.260 0.240 
Time, sec 0.29 0.21 0.22 0.22 0.19 0.19 0.31 0.31 1. 60 0.19 0.19 0.19 
Steady-State Avg. 1. 60 1. 90 1. 95 1. 35 1. 40 1. 50 0.190 0.180 0.160 0.160 0.160 
Natural Freq. at End, 
Hz 13 14 15 14 14 14 13 14 15 14 14 14 
Baseline Shift at 
End, in. 0.160 -0.040 0.008 0.050 0.050 0.020 
Peak-to-peak value. 
Percent Damping Ratio 
Unit 
Max. Value 
Time, sec 
Steady-State Avg. 
Natural Freq. at End, 
Hz 
Baseline Shift at 
End, in. 
Peak-to-peak value. 
TABLE 5.6 CALCULATED RESPONSE, SPECIMEN FDI RUN NO. 1 
(Figs. 5.31 through 5.34) 
Calculated Response Acceleration Calculated Response Displacement ~ 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
0 2 0 2 0 2 0 2 
g 9 9 9 9 9 in. in. in. in. in. in. 
1.95 2.00 2.04 1.66 1.69 1.73 0.426 0.406 0.386 0.370 0.370 0.364 
0.14 0.14 0.14 0.36 0.14 0.14 0.14 0.14 0.14 0.36 0.14 0.14 
1.21 1. 30 1. 40 1.00 1. 10 1. 12 0.270 0.260 0.270 0.240 0.240 0.240 
10 10 10 9 9 9.5 10 10 10 9 9 9.5 
0.020 0.018 0.036 -0.025 -0.030 -0.010 
0 
"" 
Base Acceleration 
Run 
No. No. of Zero 
Crossings Max. Time Durat i on 
g sec sec 
310 I. 18 0.43 5.2 
2 7.05 I. 12 11.5 
Peak-to-peak value. 
TABLE 6. I OBSERVED RESPONSE, SPECIMEN HEI 
(Figs. 6. I and 6.2) 
Response Acceleration Response Displacement 
No. of Zero Baseline Shift 
Max. Time Crossings Max. ,', Time at End 
g sec in. sec in. 
2.16 1. 93 137 0.168 0.95 0.0 
2.65 I. 30 I 17 0.500 6.85 -0.68 
Natura I Freq. 
Before 
Run 
Hz 
26.3 
11.3 
Nat u r a 1 F r eq . 
at End of 
Run 
Hz 
11.3 
8.0 
o 
"" 
Base Acceleration 
Run 
No. No. of Zero 
Crossings Max. Time Duration 
g sec sec 
248 J. 54 0.85 5.2 
2 239 1. 45 0.85 5.0 
3 232 1. 51 0.85 5.3 
"it Peak-to-peak value. 
TABLE 6.2 OBSERVED RESPONSE, SPECIMEN HE2 
(Figs. 6.4 through 6.6) 
Response Acceleration Response Displacement 
No. of Zero Basel i ne Shift 
Max. Time Crossings Max. ,', Time at End 
g sec in. sec in. 
0.450 2.05 -:0.120 
2.44 0.99 96 0.530 2.05 -0.110 
2.30 1.00 105 0.550 0.95 -0.030 
Natural Freq. 
Before 
Run 
Hz 
23.0 
9.7 
8.7 
Natural Freq. 
at End of 
Run 
Hz 
o 
CX? 
TABLE 6.3 OBSERVED RESPONSE, SPECIMEN FEI 
(Figs. 6.8 through 6.1 I) 
Base Acceleration Response Acceleration Response Displacement Natural Freq. Natura 1 Freq. 
Run Before at End of 
No. No. of Zero No. of Zero Baseline Shift Run Run 
Cross i ngs ;~ Hax. Time Duration Max. Time Crossings Max. :b', Time at End 
0 
\.D 
g sec sec g sec in. sec in. Hz Hz 
330 2.2') 0.79 8.0 1.98 1. 92 86 1.025 1. 92 0.090 16.C 4.1 
2 330 2.54 0.46 8.0 1. 9 I 1. 08 72 1. 240 1. 08 0.050 5.0 3.5 
3 330 2.50 0.30 8.0 1.73 0.37 67 1.160 0.90 0.020 5.2 3.5 
4 330 2.40 0.48 8.0 1.84 0.50 64 1.240 1. 10 0.020 4.8 3.5 
"Strong Motion" part only. 
Peak-to-peak value. 
TABLE 6.4 OBSERVED RESPONSE, SPECIMEN FE2 
(Figs. 6.13 through 6.18) 
Base Acceleration Response Acceleration Response Displacement Natural Freq. Natural Freq. 
Run Before at End of 
No. No. of Zero No. of Zero Baseline Shift Run Run 
Crossings * M3X. Time Duration Max. Time Crossings Max.** Time at End 
g sec sec g sec in. sec in. Hz Hz 0 
360 4.20 1.00 7.2 1. 94 1. 25 87 1.350 1. 85 0.140 15.6 4.3 
2 360 2.60 0.72 8.0 I. 82 1.25 70 1.600 1. 39 0.140 4.4 3.9 
3 360 3.J4 0.85 8.0 1.72 1.63 70 1.500 1. 20 0.040 4.0 3.4 
4 360 2.90 I. 50 8.0 1.66 0.55 64 1.600 0.55 0.00 4.0 3.4 
5 360 3.05 J .90 7.3 1.64 0.87 62 1.640 0.87 0.00 3.4 
6 360 2.90 1.62 8.0 1.62 0.60 60 1.680 0.60 -0.052 3.2 
* "Strong Motion" part only. 
Peak-to-peak value. 
Perceni Damping Ratio 
Unit 
Max. Value 
Time, sec 
No. of Acc. Zero 
Crossings 
Natural Freq. at 
End, Hz 
Basel ine Shift at 
End, in. 
Peak-to-peak value. 
TABLE 6.5 CALCULATED RESPONSE, SPECIMEN HEI RUN NO. 1 
(Figs. 6.20 through 6.23) 
Calculated Response Acceleration Calculated Response Displacement * 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
a 2 0 2 
9 9 9 9 9 9 
2.10 2.06 1. 90 2.28 2.26 2.23 
0.58 0.58 0.86 0.93 0.93 0.93 
175 178 184 122 131 139 
18 20 20 13 
0 
in. in. 
0.120 0.109 
0.58 0.57 
18 20 
0.015 0.010 
2 
in. 
0.121 
0.86 
o 
in. 
0.400 
0.98 
20 13 
0.010 0.0 
in. 
0.350 
0.98 
0.025 
2 
in. 
0.290 
0.98 
0.0 
Percent Damping Ratio 
Unit 
Max. Value 
Time, sec 
No. of Acc. Zero 
Crossings 
Natural Freq. at 
End, Hz 
Baseline Shift at 
End, in. 
* 
Peak-to-peak value. 
TABLE 6.6 CALCULATED RESPONSE, SPECIMEN HE2 RUN NO.1 
(Figs. 6.24 through 6.27) 
Calculated Response Acceleration Calculated Response Displacement ~ 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
0 2 0 2 0 2 0 2 
9 9 g 9 g 9 in. in. in. in. in. in. 
2.24 2.10 2.14 2.35 2.27 2.24 0.250 0.162 0.148 0.400 0.360 0.318 
0.97 0.61 0.70 1.00 1.00 1.00 0.97 0.97 0.70 1. 00 1.00 1.00 
154 175 191 126 133 137 
19 19 20 13 18 19 19 20 13 18 
-0.015 0.0 0.015 0.010 -0.010 -0.030 
N 
Percent Damping Ratio 
Unit 
Max. Va lue 
Time, sec 
No. of Acc. Zero 
Crossings 
Natural Freq. at 
End, Hz 
Baseline Shift at 
End, in. 
* 
Peak-to-peak value. 
TABLE 6.7 CALCULATED RESPONSE, SPECIMEN FEI RUN NO. I 
(Figs. 6.28 through 6.31) 
Calculated Response Acceleration 
Computed Primary Curve Measured Primary Curve 
0 
9 9 
2.05 2.08 
1.45 2.01 
119 113 
7.0 7.0 
2 0 2 
9 9 9 g 
2.15 I. 76 I. 77 I. 81 
2.85 1.97 1.95 1.44 
120 90 96 95 
7.0 6.3 6.5 6.8 
Metz Refe.:rence Room 
1111'11 Enginooring Department 
BIOG C. JD. BLliJ.ding 
ll'nlversity o~f Illinois 
t- -Urbana. Illinois 61001. 
Calculated Response Displacement * 
Computed Primary Curve Measured Primary Curve 
0 2 0 2 
in. in. in. in. in. in. 
1.060 1.035 0.930 1.340 1.020 0.940 
I. 87 2.87 2.86 1. 97 1.96 1.96 
7.0 7.0 7.0 6.3 6.5 6.8 
-0.120 -0.120 -0.014 O. 120 0.100 -0.010 
w 
Percent Damping Ratio 
Unit 
Max. Value 
Time, sec 
No. of Ace. Zero 
Crossings 
Natural Freq. at 
End, Hz 
Baseline Shift at 
End, in. 
• 1. Peak-to-peak value . 
TABLE 6.8 CALCULATED RESPONSE, SPECIMEN FE2 RUN NO.1 
(Figs. 6.32 through 6.35) 
Calculated Response Acceleration Calculated Response Displacement * 
Computed Primary Curve Measured Primary Curve Computed Primary Curve Measured Primary Curve 
0 2 0 2 0 2 0 2 
9 9 9 9 g g in. in. in. in. in. in. 
2.07 2.06 2.14 1.77 I. 81 I. 82 1.140 0.990 0.965 1.380 1.080 0.980 
I. 85 I. 32 2.14 I. 29 I. 84 1. 84 I. 85 2.60 2.74 l. 29 I. 85 1. 85 
103 108 110 86 90 93 
6.7 7.0 7.0 5.7 5.8 6.2 6.7 7.0 7.0 5.7 5.8 6.2 
-0.135 0.020 -0.130 0.245 0.024 0.118 
-l:"-
TABLE 7.1 COMPARISON OF OBSERVED MAXIMUM RESPONSE WITH SPECTRAL VALUES 
Specimen Run No. Ss Obse rved Max. Observed Max. w a Ductility Spectral Spect ra I Spectral Acc. Spect ra I Disp. 
(Eq. 7.18) Resp. Acc. (single-peak) (Eq. 7. 1]) Rat i a ,', Acc. Disp. 
Disp. Observed Ace. Observed Disp. 
in. -I in. percent g sec g 
HOI 2 9.4 2.38 0.162 75.5 2.16 1. 78 0.117 0.75 0.72 
3 4.0 1. 44 0.109 71.9 1. 45 1. 86 0.135 1.29 1.24 
5 3.8 1. 52 0.114 71.6 1. 52 1. 89 0.140 1. 24 1. 23 
6 4. I 2.40 0.210 66.5 2.80 3.09 0.266 1. 29 1. 27 
HD2 I 6.2 2.64 0.147 83.4 1. 95 2.47 o. 134 0.94 0.91 
2 4.9 1. 83 0.140 71.1 1. 87 I. 49 0.113 0.81 0.81 
3 4.9 1. 73 0.139 69. I 1. 85 1. 35 0.109 0.78 0.78 
4 4.8 1. 73 0.143 68.4 1.91 1. 32 0.109 0.76 0.76 
5 5.6 1. 64 0.144 66.5 1.92 1. 21 0.103 0.74 0.72 V1 
6 4.4 I. 51 0.126 68.0 1.68 1. 14 0.110 0.76 0.87 
FD I I 1.8 2.04 0.227 58.9 1. 38 2.01 0.216 0.99 0.35 
2 1.2 1.71 0.190 59.3 1. 15 2.09 0.221 1. 22 1. 16-
3 1.4 1.89 0.239 55.4 1. 45 1.91 0.252 1.0 I 1.05 
4 12.5 2.10 0.716 32.2 4.35 2.26 0.785 1. 07 1. 09 
HEI I 8.7 2.16 0.100 91.4 I. 33 2.73 0.134 I. 26 1. 34 
2 19.5 2.65 0.950 32.8 12.70 I. 75 0.594 0.66 0.63 
HE2 2 12.6 2.44 0.318 55.4 4.25 2.32 0.295 0.95 0.93 
3 11.5 2.30 0.280 56.3 3.73 2.44 0.300 1. 06 I. 07 
FEI 1 8.0 1. 98 0.651 34.2 3.94 2.50 0.778 I. 26 1.20 
2 9.9 1. 91 0.703 32.4 4.26 1. 86 0.654 0.97 0.93 
3 9.8 1.73 0.660 31.8 4.00 I. 71 0.631 0.99 0.96 
4 9.4 1.84 0.663 32.8 4.02 I. 95 0.668 1. 06 I. 01 
FE2 1 15.4 I. 94 0.845 29.7 5.12 1. 70 0.654 0.88 0.77 
2 11.5 1. 82 0.813 29.4 4.92 I. 70 0.794 0.98 0.98 
3 11.9 1.72 0.858 27.8 5.20 1.72 0.860 1. 00 1.00 
4 12.8 1.66 0.970 25.7 5.88 1. 75 1.001 1.05 1.03 
5 13.1 1.64 1.036 24.8 6.29 1.68 1.029 1. 02 0.99 
6 13.0 I. 62 1.040 24.5 6.30 1.68 1.049 I. 04 1. 01 
Based on the curve for the case with added weight, Fig. 3.15 for Series H, Fig. 3.16 for Series F. 
TABLE 7.2 SPECTRUM ESTIMATE OF MAXIMUM RESPONSE FOR FE2 RUN NO. 1 
Iteration Assumed Characteristic Wo Ducti 1 i ty Ss Spectral 
No. Dis p 1 a ceme n t Stiffness Rat i 0 Displacement 
in. 1 b/i n. sec -1 percent in. 
0.50 17,200 39.4 3.03 8.0 0.95 
2 0.95 9,900 29.8 5.75 12.0 0.75 
3 0.75 11,900 32.8 4.57 11.0 0.75 
0'" 
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FIG. 3.1 IDEALIZED PRIMARY CURVE 
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FIG. 3.8 DISTRIBUTION OF STRAIN AND STRESS IN A CROSS SECTION 
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FIG. 3.9 VARIATION OF kl AND k2 WITH CONCRETE STRAIN FOR f~ = 5700 psi (SERIES H) 
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FIG. 3.10 VARIATION OF kl AND k2 WITH CONCRETE STRAIN FOR f~::: 5400 psi (SERIES F) 
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FIG. 3.13 ASSUMED MOMENT AND CURVATURE DISTRIBUTION IN THE COLUMNS 
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FIG. 3.14 ASSUMED DISTRIBUTION OF BOND STRESS IN THE REINFORCEMENT 
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FIG. 3.15 CALCULATED AND IDEALIZED PRIMARY CURVES FOR DIFFERENT AXIAL LOADS, SERIES H 
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FIG. 3.16 CALCULATED AND IDEALIZED PRIMARY CURVES FOR DIFFERENT AXIAL LOADS, SERIES F 
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FIG. 3.18 MEASURED AND CALCULATED RESPONSE UNDER FORCE REVERSALS I SPECIMEN HSl 
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APPENDIX AD EXPERIMENTAL INVESTIGATION 
A. 1 I nt roductory Rema rks 
This appendix contains a description of the materials used in the 
investigation, the physical characteristics of all the test specimens, in-
strumentation detai 1s and the test procedures for the static and dynamic 
exper i ments. 
A.2 Materials 
A.2.1 Cement 
Atlas brand high early strength cement was used in casting all 
the specimens. 
A.2.2 Aggregates 
Two different combinations of aggregates were used for the two 
different size specimens. The aggregates for the small scale models 
(Series H) were fine lake sand and Wabash River sand. The fine sand was 
thoroughly dried before use. For the larger scale models (Series F), 
Wabash River sand and pea gravel were used. All the aggregates have been 
used in the Structural Research Laboratory of the University of 111 inois 
in the past and have passed the usual specification tests. The maximum 
size of the pea gravel was 3/8 in. 
A.2.3 Concrete Mixes 
Both size specimens and accompanying control cylinders were cast 
from single batches. Table A.l 1 ists the concrete proportions of each 
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specimen, strength characteristics and the age of the concrete at the time 
of testing for Series H; Table A.2 1 ists the same for Series F. All pro-
portions are in terms of dry weights. 
In Fig. A.l the splitting strength of either series is plotted 
against the compressive strength of the concrete. The spl itting strength 
was found from tests on 4 x 8-in. (Series H) and 6 x 6-in. (Series F) cy-
linders loaded by a compressive force on opposite generators of the cylin-
der. Stiff stripes of fiberboard 0.50 in. wide and 0.125 in. thick were 
placed between the head of the testing machine and the cyl inder to provide 
u~iform force distribution and the necessary friction. For the compressive 
strength of the concrete obtained in the test specimens for both series, 
the fol 10~ing expressions were selected for the splitting strength of the 
two different mixes of Series Hand F, respectively. 
6.S\[;' 
c 
(A. 1 ) 
5.S\[;' 
c 
where both stresses are expressed in psi. The compressive strength of the 
concrete was determined from tests on 4 x 8-in. cylinders for Series Hand 
on 6 x 12-in. cyl inders for Series F. In addition, mechanical strain indi-
cators were clamped on three of the cy1 inders for either series to obtain 
the stress-strain diagrams for the concrete. Figures A.2 and A.3 show 
typical stress-strain diagrams for the respective series. 
A.2.4 Reinforcement 
Reinforcement used in the two different series wi 11 be described 
separately below. 
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It was known from a prevIous testing series that the reinforcing 
bars had consistent strength. Twelve samples of approximately 20-inc 
length were selected at random from among the 50 bars of 12-ft length which 
were used in making all 7 specimens of Series H. All 50 bars came from a 
single lot. Reinforcement for this series were plain round bars of 0.177-in. 
diameter which had been annealed but not acid washed. All bars were first 
wiped clean with acetone and then passed through a knurl ing machine twiee 
to obtain four rows of closely spaced indentations to improve bond. The 
resulting mill and scales were again wiped off with acetone after the 
knurl ing process. Table A.3 lists the yield and ultimate stresses for all 
12 samples tested and Fig. A.4a shows a typical stress-strain diagram for 
reinforcement used in this series. In Fig. Ac4b, the effect that the knur1-
ing process had on the bond-slip properties of the bars can be seen. The 
curve in Fig. A.4a has been obtained by testing a bar with a strain gage; 
after the gage became inoperative, elongations were read by means of cali-
pers over a 200-in. gage length. The column ties used in this series were 
also from a single lot of bright steel wire of 0.0625-in. diameter which had 
an average strength of 110,000 psi. 
For Series F, bars for the main reinforcement were again taken 
from a single lot but this time individual tests were run to determine the 
yield and ultimate stresses. The main reinforcement consJsted of No.3 
deformed bars (diameter 0.375 inc). Table A.4 gives the pertinent charac-
teristics of these bars for each specimen and Fig. Ao5 gives a typical 
stress-strain curve. This diagram has been obtained using a mechanical 
strain indicator over a 5.0-ln. gage length. After the 1 imit of the indi-
cator was reached, elongations were read using calipers. The top beam 
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stirrups were the same as the main reinforcement of Series H with the ex-
ception that they were not knurled. The column ties were 0.125-in. dia-
meter bright steel wire taken from a single lot and had an average yield 
strength of 74,000 psi. 
Ao3 Description of the Test Specimens 
Two different size specimens were tested: specimens of Series F 
had their dimensions precisely twice those of Series H. The arrangement 
of all the reinforcement was the same except that the transverse reinforce-
ment In the joints of Series F did not exist in Series He Figures A.6 and 
A.7 show the pertinent information for Series Hand F, respectively. 
The actual dimensions of each test specimen were measured before 
experiment. In all cases these were within two percent of their intended 
valuese Special care was exercised in placing the reinforcing cages into 
the forms proper1y as offsets of a fraction of an inch would have resulted 
in rather large discrepancies of observed strengths. Table A.5 1 ists the 
actual measurements of the specimens measured in both series and also the 
actual reinforcement cover values. 
A.4 Casting and Curing 
A.4,1 Series H 
The reinforcement cage was placed into the form after being mea-
sured and, where necessary, instrumented. Proper concrete cover was 
provided for by having the cage sit on small nuts of 1/4-in. thickness. 
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The reinforcement was then tied down securely Into the form by means of 
steel wi res twisted at the bottom side of the form surface. It was ob-
served that reinforcement did not move during the subsequent vibration of 
the concrete. 
The concrete required for the specimen and the accompanying 
control cyl inders was cast in one batch using a nonti lting drum type mixer. 
The total weight of concrete required in one batch was about 235 lb. 
The specimens were cast in a form with a plastic impregnated 
plywood bottom and steel sheet sides. Steel piping 2.5 in. long and 1.0 in. 
in diameter were fastened into the form to make the holes which later were 
used to support the added steel weights. These were taken out after the 
concrete surface was trowelled smooth. To determine the pertinent concrete 
properties, twelve 4 x 8-in. control cyl inders were cast alongside each 
specimen. All concrete was vibrated using a high frequency internal vib-
rator and those control cylinders which would be used in determining the 
compressive strength were capped with cement paste approximately four hours 
after casting. 
One day after casting the form was struck and the specimen along 
with the control cyl inders was placed in a moisture room of 100 percent 
relative humidity and 72°F. One week later they were caken out and kept 
in lab conditions unti 1 the time of testing. 
A.4.2 Series F 
The form used for this series had plywood bottom and sides. To 
insure proper spacing of the reinforcement inside the form, small spacers 
were bui lt from o. 125-lno diameter wire and the reinforcement cage was 
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placed on these. The specimen and the control cyl inders were again cast 
from one batcho After smoothing the surface with a trowel and removing the 
steel piping that formed l o 0-ino diameter holes for attaching steel plate 
weights, the specimen and the cylinders were left in the lab overnight. 
The day after casting, the form was struck and the specimen and the control 
cylinders were covered fi rst with wet burlap and then with plastic sheetso 
One week later, these were removed and the specimen was stored in lab condi-
tions unti 1 the time of testingo 
Ao5 Instrumentation 
A.5o 1 Static Tests 
All specimens were tested in the alternating loading setup shown 
in Fig. A.8. It was designed to enable testing specimens of either size 
simply by moving the ram up or down depending on size. Figure A.9 shows 
the test of a specimen of Series H in progress. 
Specimens HSl and HS3 were tested with the same weights as in 
the dynamic tests bolted on while specimens HS2 and FSl had no weights' 
added during testing. It was observed that the joints were cracked while 
mounting the piates; not adding the weights resulted in differences in the 
moment capacity, hence observed strength, of the specimens. The effect of 
axial load on the primary curve is discussed in detai 1 in Chapter 3. 
The basic readings taken in the static tests were the lateral 
load and the corresponding lateral deflection. The lateral deflections 
were read from 4eO-ln. total travel Ames dial gages placed at the level of 
the top girder and placed as close to the middle of the girder as possible. 
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When this was not possible, they were read off as the average of two dial 
gages placed on either side of the specimen. The lateral load was read by 
means of a digital voltmeter connected to the load cell at the end of the 
ram. 
The testing system seen in Fig. A.9 (MTS model 904042C hydraul ic 
ram of 20,000 lb capacity less the power supply unit) enabled tests to be 
run with a minimum number of personnel. The deflections could be controlled 
to within 0.002 in. of the desired values with easeo in testing those speci-
mens 'which' had strain gages mounted on their reinforcement, an automatic 
strain recorder unit was employed which wrote the strains sequentially on 
paper. 
The strain gages used were Budd Metal Film strain gages of type 
c6-121-8 or C6-125-8. It was found repeatedly, however, that strain reading 
became unrel iable once yield was exceeded. The metal surface was prepared 
for the mounting of the gages by grinding a spot on the bar and then sanding 
and cleaning it. After the gages were set in place using gage cement and 
the leads soldered, they were waterproofed with a synthetic rubber coating. 
A.5.2 Dynamic Tests 
Transducers whose output were monitored and recorded were acceler-
ometers, velocity gages, 1 inear motion transducers (LVDT's), the driving 
signal from the input module and, If present, strain gages o Theoretically, 
the presence of accelerometers at the base and response levels obviate the 
need for velocity and deflection gages because the output from these can 
be manipulated in various ways to yield velocity and displacement valueso 
Velocity gage outputs were recorded and digitized but these values were not 
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used in this report as their response did not have a uniform frequency 
range. In the following paragraphs, the instrumentation detai 1s for 
various transducers are explained at some length. 
Ao503 Accelerometers 
Accelerometers used were Kistler Model 305T/515T Servo Accelero-
meter/Ampl ifier System consisting of a Model 51ST signal conditioning ampli-
fier and a matched Model 305T servo accelerometer with matching clamps. 
Specifications supplied by the manufacturer are given below. 
Ranges, full scale (peak g/peak volts) 
Range accu racy 
Output 
Overrange 
Bias, adjustable 
Output impedance 
Galvo output impedance 
Output current (output + galvo) 
Input current to 515 T (at spec. range) 
Frequency response (standard low 
pass fi lter) 
Remote cal. signal sensitivity 
Remote calo input impedance 
Test current to accelerometer test coil 
Test signai sensitivity (external) 
O. 1 ~ 0 0 2, 0 < 5, 1, 2, 5, 1 0, 20, 
50 g/vol t 
± 1. O%fu 11 sca 1 e 
± 1. 0 V, f u 1 1 s ca 1 e 
± 10 volts or 50 g (max) 
o to ± 2 g 
10 ohms 
600 ohms max, 100 ohms min 
± 20 ma (max) 
0<2 ma/g 
DC to 200 Hz 
-1 v/g, pk/pk 
5000 ohms 
1.6 ma/g, pk/pk 
10 volts (nom), pk/pk 
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When this was not possible, they were read off as the average of two dial 
gages placed on either side of the specimen. The lateral load was read by 
means of a digital voltmeter connected to the load cell at the end of the 
ram. 
The testing system seen in Fig. A.9 (MTS model 904042C hydrau1 ic 
ram of 20,000 1b capacity less the power supply unit) enabled tests to be 
run with a minimum number of personnel. The deflections could be controlled 
to within 0.002 in. of the desired values with ease. In testing those speci-
mens 'which' had strain gages mounted on their reinforcement, an automatic 
strain recorder unit was employed which wrote the strains sequentially on 
paper. 
The strain gages used were Budd Metal Film strain gages of type 
c6-121-B or c6-125-B. It was found repeatedly, however, that strain reading 
became unre1 iab1e once yield was exceeded. The metal surface was prepared 
for the mounting of the gages by grinding a spot on the bar and then sanding 
and cleaning it. After the gages were set in place using gage cement and 
the leads soldered, they were waterproofed with a synthetic rubber coating. 
A.5.2 Dynamic Tests 
Transducers whose output were monitored and recorded were acceler-
ometers, velocity gages, 1 inear motion transducers (LVDT's), the driving 
signal from the input module and, if present, strain gages. Theoretically, 
the presence of accelerometers at the base and response levels obviate the 
need for velocity and deflection gages because the output from these can 
be manipulated in various ways to yield velocity and displacement values. 
Velocity gage outputs were recorded and digitized but these values were not 
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used in this report as their response did not have a uniform frequency 
range. In the following paragraphs, the instrumentation detai 1s for 
various transducers are explained at some length. 
Ao503 Accelerometers 
Accelerometers used were Kistler Model 305T/515T Servo Accelero-
meter/Ampl ifier System consisting of a Model 515T signal conditioning ampli-
fier and a matched Model 305T servo accelerometer with matching clamps. 
Specifications supplied by the manufacturer are given below. 
Ranges, full scale (peak g/peak volts) 
Range accu racy 
Output 
Overrange 
Bias, adjustable 
Output impedance 
Galvo output impedance 
Output current (output + galvo) 
Input current to 515 T (at spec. range) 
Frequency response (standard low 
pass fi 1 ter) 
Remote cal. signal sensitivity 
Remote ca10 input impedance 
Test current to accelerometer test coil 
Test signal sensitivity (external) 
0.1, 0 0 2, 0.5, 1, 2, 5, 10, 20, 
50 g/vo1t 
± 1. O%fu 11 sca 1 e 
± 1. 0 V, f u 1 1 s ca 1 e 
± 10 volts or 50 g (max) 
o to ± 2 g 
10 ohms 
600 ohms max, 100 ohms min 
± 20 ma (max) 
0.2 ma/g 
DC to 200 Hz 
-1 v/g, pk/pk 
5000 ohms 
1.6 ma/g, pk/pk 
10 volts (nom), pk/pk 
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The A-frame taken as the reference point for the measurement 
of relative deflection was made as stiff as possible: any relative motion 
between the point on the A-frame where the LVDT was attached and the plat-
form surface would be recorded as the relative deflection of the test 
specimen itself. Tests indicated that the A-frame had a natural frequency 
of 70 Hz. Therefore the relative deflection, per g of absolute acceler-
ation at the top of the A-frame, between the LVDT location and the plat-
form surface would be 
D A = ~ = 
w 
386 
= .002 in./g 
This error was regarded as tolerable with respect to the magni-
tude of deflections observed in testing specimens of both series. 
The cal ibration of the LVDT before each test was done by recording 
the voltage output corresponding to a deflection of 1.000 ± 0.002 in. The 
carrier amplifier which powered and amplified the output from the LVDT had 
a flat response between DC and 2000 Hz; the LVDT itself should have a simi-
lar response in that range. 
A.6 Test Procedure 
A.6.l Static Tests 
The specimen to be tested was first inspected for possible shrink-
age cracks and actual dimensions were noted. To insure proper vertical 
alignment, a thin layer of hydrocal was poured underneath the specimen and 
the bolts were tightened when this began to seto The 3.0 x 3 0 0 x 0.75-ino 
steel plates through which the lateral load was applied to the specimens 
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were then glued with epoxy at the midhelght of the top girder at either 
end and the r.'loading harness" was then tightened (Fige Ae8). 
Loading increments of 0.005 in. were taken on the initial pri-
mary curve but later these were increased to 0 0 020 or 0 0 040 in. A load 
was read from the digital voltmeter as soon as its deflection was reached o 
Generally, the force values decreased (for no deflection difference) on an 
ascending branch and increased on a descending branch. 
A.6.2 Dynamic Tests 
As in the static test procedure, actual dimensions and the pre-
sence of any shrinkage cracks were noted before testingc The steel plates 
were added onto the top girder and tightened to allow no slip dur-i'ng test-
ing. The specimen was again placed on a thin layer of hydrocal and then 
tightly secured on the test platform surface of the simulator (Appendix C)o 
Next, the transducers were attached at their proper locations and their 
leads connected to the recording instrumentso In ail tests, simultaneous 
recordings were made both on osci 110graph paper and on magnetic tape. 
Before and after each dynamic run, the natural frequency was determined by 
striking the specimen at the midheight level of the top girder and recording 
on paper the resulting response acceleration trace. Crack patterns were 
also noted before and after each runo 
The duration of the l'steady-state" tests were regulated by means 
of a pulse generator which tripped shut a gate to stop the simulator as soon 
as a given number of osci llatlons had taken place. in the earthquake simu-
lation tests, the duration was dictated by the length of the trace on the 
input analog tape unite 
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TABLE A. I RESULTS OF TESTS ON CONCRETE CONTROL CYLINDERS FOR SERIES H FRAMES 
Frame Control Test C:FS:CS:': Compressive Strain at Splitting 
Designation Cy Ii nder No. Age (W/C Ratio) Strength, f~ Maximum Strength, f 
Readable t 
Load 
Days ps j 10-6 psi 
I 5730 2,540 632 
2 5930 1,190 461 
HDI 3 35 1.0: 1.0: 4. 0 5730 1,700 509 
4 (0.70) 5410 643 
5 5500 445 
6 5400 469 
Mean 5620 Mean 536 
I 6210 1,900 686 
2 6370 1,400 595 
HD2 3 43 1.0: 1.0:4.0 6140 1,100 470 
4 (0.70) 5850 410 
5 6330 554 
6 6450 535 
Mean 6220 Mean s:z;o 
I 6400 3,800 577 
2 6450 3,000 613 
HE1 3 62 1.0: 1.0:4.0 5940 4,000 585 
4 (0.70) 6100 501 
5 6400 497 
6 5500 609 
Mean bi30 Mean 5b4 
1 5940 3,800 589 
2 5740 2,400 506 
HE2 3 61 1.0: 1.0: 4.0 4260 3,600 478 
4 (0.70) 6000 472 
5 5850 534 
6 4180 575 
Mean 5330 Mean 530 
5570 2,190 368 
2 5740 2,610 388 
HS1 3 252 1.0: 1.0:4.0 6370 2,350 338 
4 (0.70) 5540 358 
5 5170 378 
6 5650 438 
Mean 5700 Mean ]SO 
4900 2,100 488 
2 5730 2,800 438 
HS2 3 286 1.0: 1.0 :4.0 5960 2,700 467 
4 5650 428 
5 5730 368 
6 5810 547 
Mean 5630 Mean ~ 
1 5730 2,300 497 
2 5770 2,800 417 
HS3 3 236 1.0: 1.0:4.0 5610 2,700 497 
4 (0.70) 5770 447 
5 5730 508 
Mean 5700 Mean 1i7O 
.~ Ratio of weights of cement, fine sand and coa rse sand. 
TABLE A.2 RESULTS OF TESTS ON CONCRETE CYLINDERS FOR SERIES F FRAMES 
Frame Control Test C:CS:PG~I: Slump Compressive Strain at Splitting 
Designation Cylinder No. Age (W/C Ratio) Strength, f' Maximum Strength, f t c Readable 
Load 
Days in. psi 10- 6 psi 
1 7300 2,880 408 
2 6900 2,920 318 
FDl 3 98 1.0:3.38:3.65 0.75 7170 3,080 536 N 
4 (0.75) 7350 N (j\ 
5 6810 
6 7000 
Mean 7090 Mean 420 
1 5660 2,740 330 
FEl 2 137 1.0:3.38:3.65 1. 50 5400 3,180 460 
3 (0.80 ) 5500 2,770 420 
Mean 5500 Mean 400 
1 5380 2,500 360 
FE2 2 118 1.0:3.38:3.65 2.75 4500 2,500 438 
3 (0.80 ) 5480 2,680 496 
Mean 5120 fjO 
1 5220 3,300 363 
FS1 2 140 1.0:3.38:3.65 2.50 5370 2,920 416 
3 (0.80 ) 4600 3,080 390 
Mean 5150 Mean 390 
* Ratios of weights of cement, coarse sand and pea gravel. 
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TABLE A.3 YIELD AND ULTIMATE STRESSES OF MAIN 
;', 
REINFORCEMENT FOR SERIES H FRAMES 
Average 
Bar No. Yield Strength Ultimate Strength 
psi psi 
41,000 49,600 
2 4 1 ,000 50,400 
3 40,300 49,600 
4 40,300 48,800 
5 39,800 48,800 
6 40,650 49,600 
7 41,000 49,600 
8 41,400 49,600 
9 41 , 700 50,400 
10 39,000 48,800 
11 39,000 49,600 
12 41,900 49,600 
Mean 40,600 49,500 
* 0.177-in. diameter knurled bar. See Fig. A.4a 
for a typical stress-strain curve. 
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TABLE A.4 MAIN REINFORCEMENT PROPERTIES FOR SERIES F FRAMES 
Frame Average Strain at Onset of U 1 t i ma te 
Designation Bar No. Yield Strength Strain Hardening Strength 
ps i Percent ps i 
49,500 0.6 77,000 
HD1 2 51 ,000 0.8 76,000 
3 51 ,000 1. 04 75,000 
Mean 50,500 Mean 76,000 
HE1 49,500 1.1 74,100 
2 53,000 1. 15 76,000 
Mean 51,200 Mean 75,300 
47,300 0.9 73,500 
HE2 2 48,200 0.9 72,200 
3 48,500 1.3 71 ,500 
Mean 48,000 Mean 72,400 
50,500 0.5 77,500 
HS1 2 51 ,000 0.6 79,000 
3 51 ,800 0.8 74,000 
Mean 51,100 Mean 77,000 
-;';. 0.375-in. diameter deformed bar. See Fig. A.5 for a typical stress-
stra i n curve. Gage 1 eng th = 5.0 in. 
TABLE A.5 MEASURED DIMENSIONS OF THE TEST FRAMES: 
'J H1 _I L 
Frame 
Des i gna t i on L I L2 HI H2 A 
HD 1 26.97 26.93 12.97 12.94 
H02 26.97 26.93 13.00 12.97 5.06 
HE I 27.00 27.06 13.00 13.16 .5.06 
HE2 27 .03 27.00 12.94 12.94 5.06 
HS I 27.00 27.00 13.00 13.00 5.03 
HS2 27.00 26.93 12.93 13.00 5.06 
HS3 27.00 27.00 13.00 13.00 5.00 
FO I 54.13 54.06 26.13 26.19 10.06 
HI 54.06 54.00 26.06 26.19 10.00 
FE2 54. 13 54.00 26.06 26.19 10.13 
FS I 54.13 54.00 26.00 26.13 10.06 
All dimensions are in inches. 
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APPENDIX Be DATA REDUCTION AND STORAGE 
B.l introductory Remarks 
During the dynamic tests, data were recorded on magnetic tapes 
in the form of voltage signals from the various transducerso Two different 
tape recorders were used: for Series H, a PI 6200 (8 channels) and for 
Series F, a Sangamo 3500 (14 channels). Recording speeds varied from 7.5 
ips to 30 ipso In the following section, the procedure followed in convert-
ing analog data into digital information is briefly presented. 
B.2 Analog to Digital Conversion 
The analog information retrieved on magnetic tapes were converted 
into digital form using the iBM 1800 Data Acquisition and Control System 
of the University of Illinois Department of Computer SCience. The same tape 
recorder which had previously recorded the transducer outputs was llplayed" 
into the multiplex ports of the iBM 1800, which, under the control of a 
special program, determined the value of the voltage of each transducer 
almost simultaneously at a given instant and repeated the same procedure 
after a specified delay time. All data reported in this investigation were 
digitized at a delay of 0.003 sec. The analog data so retrieved was written 
The actual delay between two sampl ings of an output was t + (n-l) x 
0.000035 sec in which t IS the specified time delay and n the total 
number of channels being sampled. Accordingly, if two tape channels 
were to be sampled, the outputs obtained would not be simultaneous 
but would correspond to two different stations of time differing by 
0.000035 sec. Also, th~ signs of the signals were reversed when they 
were digitized. However, since all signals underwent the same trans-
formatlon~ no loss of consistency resulted. 
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In integer form on a digital tape with 5 volts being assigned the value 
15 
of 32767 or 2 -1. Later, using pertinent calibration factors for each 
transducer, the sets of integer values of the voltages were converted into 
physical units and transferred onto a second digijtal tape for permanent 
storage and usee Direct access to all data saved a considerable amount 
of time. 
It was found repeatedly that voltage outputs from various trans-
ducers drifted away from zero for no excitation as testing progressed, or~ 
in the case of the LVDT, the deflection (hence the voltage output) at the 
beginning of a test run did not begin from zero if the specimen had exper-
ienced permanent set beforeo Therefore, before each test result was stored 
for permanent use, a basel ine correction was applied to each transducer 
outputo This baseline correction was determined by averaging the output 
of a given transducer before response began but after recording had been 
started. By determining the average value of the voltage prior to the 
beginning of response, an offset value was obtained which subsequently 
was subtracted from all data points for that transducer, The plots of 
observed response in Chapte~5 and 6 have all been obtained in this manner. 
Despite this correction, however, the acceleration records showed a ten-
dency to drift from the time axis upon integration" To arrive at the value 
of energy input in a test run~ the difference of the absolute and base 
accelerations had to be integrated; the procedure described in Chapter 7 
was employed in correcting the baseline of the relative acceleration. How-
ever, no such correction was carried out on the original recordso 
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APPENDIX Co EARTHQUAKE SIMULATION 
C. 1 I nt roduc tory Rema rks 
The experimental work reported was carried out with the help of 
the University of 111 inois earthquake simulator (referred to as the simu-
1ator). In what follows, the system hardware wi 11 be explained in some 
detail and the process followed in creating simulated earthquakes will be 
discussed. 
C.2 The University of Illinois Earthquake Simulator 
The simulator is an experimental fact 1 ity designed to subject 
small scale structures to regular or random base motions in one direction. 
Basically, the system can be broken down into the following parts: 
1. A test platform, 
2. A 75,000 1 b dynami c force servoram, 
3. A servoram support pedestal, 
4. A connector between the servoram and the test platform, 
5. A power supply consisting of two hydraulic pumps of 70 and 
20 gpm capacity and a hydraulic control manifold, and 
6. A command center where control of the enttre system, re-
cording of output from the transducers and other electronic 
functions are carried out. 
Figure c. 1 shows parts 1, 2, 3, and 4 schematically along with a photograph 
of the same parts. The general criteria in planning for the system were 
that it afford the testing of small scale structures UD to 10,000 lb in 
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weight, be versati le and easy to maintain. In the following, the parts of 
the overall system will be discussed. 
C.2.l Test Platform 
The test platform measures 12 x 12 ft in plan and consists of 3 
subsections as shown in Fig. C.2 attached together. If needed, the two 
sections on either side can be detached from the center which then can be 
used for testing alone. The effective wei.ght of the three sections is 
5,500 lb and the corresponding natural period is 2.5 seconds. The top 
surface consists of 3/8-in. plates welded on 5-in. I-beams in the longitu-
dinal direction. The plates are drilled and tapped for 1/2-in. bolts on 
l2-in. centers in both directions. The test specimens are bolted to these 
holes. Additionally, the thrust from the actuator is distributed into the 
plane of the platform by means of 5-in. channels flaring out at approxi-
mately 90 degrees from the flexure 1 ink connection. 
The platform was designed to carry a 10,000-lb mass which can be 
concentrated over an area of 2 by 2 ft, with its center of gravity 3 ft 
above the test surface and 1 ft away from the centerl ine at an acceleration 
of 3 g. The side view in Fig. C.2 shows the four rows of flexure plates 
upon which the test surface is seated. The spring action against lateral 
motion is provided partially by the z-shaped flexure Joints (shown in Fig~ 
C.2) of which there are two at each end of an individual flexure plateo 
The test platform is prestressed against the test floor of the Structural 
Testing Laboratory with 3/4-in. bolts. 
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C.2.2 Servoram 
The servoram seen in Figc Ce3a consists of an electrohydraullc 
servo valve with a hydraul ic actuator and is constructed according to the 
single-piece piston rod principle. Its rated output force capabi lity is 
75,000 lb at zero hydraulic flow with a frequency range of DC to 100 cps 
limited by the displacement and velocity 1 imits. Maximum displacement is 
4 in. (double-amplitude) and the rated maximum velocity is 15 in. per 
second. 
The frequency range with a 10,000 1b load attached at the end of 
the actuator piston is shown in Fig. C.3b. A 4-ino full-stroke LVOT type 
displacement transducer is mounted in the actuator assembly to detect the 
errors between command and performance so that the servo controller in the 
control panel can carry out the required corrections. 
C.2.3 Servoram Support 
The base of the servoram is prestressed by eight 5IB-in. bolts 
to the front of the support pedestal which was designed to transmit to the 
test floor the thrust from the actuator and was built entirely by2-ino 
thick plates welded together except at the front where the plate is 4 in. 
thick. At its base the pedestal is tied to the test floor with four 2-in. 
prestressed boltso The detai IS of the pedestal and actuator connections 
are shown in Figo c.4o 
c.204 Connector Between the Servoram and the Test Platform (Flexure Link) 
The connection between the servoram and the test platform IS 
through the flexure 1 ink, seen in Fig" Co 10 The detai 1s of the 1 ink and 
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the connection collar are given in Figo C05e The function of the flexure 
link is to transmit the force generated in the servoram to the platform 
without exerting too much lateral force on the body of the servoram re-
sUlting from a possible misalignment between the axis of the actuator and 
the assembly point (section A-A in Fig. C.2) on the platform or from the 
vertical motion of the platform when it moves laterally. 
C02.5 Pow'er Supp 1 y and Hyd rau 1 i c Cont ro 1 Man i fold 
The hydraul ic power is suppl ied by two variable volume type pumps 
of 70 and 20 gpm capacity. The 70 gpm unit is sufficient for normal oper-
ationsbut the second unit can be added in if increased performance is 
desired. The normal operational pressure is 3,000 psi. The pumps are 
equipped with all fi lters, gages, valves, heat exchanger, accumulator and 
protective devices normally contained in such units. 
The hydraulic control manifold provides accumulators on both 
the pressure and return lines to dampen pulsations and supply the necessary 
surge of power to the actuator assembly. 
c.206 Command Center 
The electronic control console shown in Fig. C.6 contains a power 
entrance panel, a regulating transformer for maintaining uniform power to 
the enclosed electronic modules and the following items completely inter-
wired to operate as an integral unit: 
1. Wavetek model 112 osci llator with fine vernier frequency 
control and frequency stab! lity better than 0 0 25 percent; 
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2. Command mode selector for selecting the desired input, i.e., 
displacement, velocity or acceleration; 
3. Anadex cycle counter (model CF-200R) to provide frequency 
measurement to better than 0.1 percent accuracy; 
4. Control panel which provides a key operated power switch, 
IIfailsafe 11 interlocks for hydraulic power under-level, 
hydraulic over-heat~ error detectors, stroke limit and 
auxi liary, remote start, stop, pressurize controls for 
hydraulic supply and master un-hold controls; 
5. Servo controller including transducer conditioning for an 
LVOT type displacement transducer located in the actuator 
assembly. The servo controller also includes two error 
detectors to sense when the system error signal exceeds a 
preset level and provIde a logic signal to the control panel 
for fai lsafe interlock purposes. It includes all necessary 
amplifiers, stabil ity networks and an adjustable dither supply 
for the servo valve; 
6. Power amplifier for accepting the signal from the servo 
controller; 
7. Arbitrary curve follower. 
Additionally, the leads of all the transducers on the test plat-
form and on the specimen being tested are brought into the command center 
and fed into magnetic tape recorderso 
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C.3 The Earthquake Simulation Process 
The 'system described above IS intended to simulate, in one direc-
tion, a motion similar to that which would be experienced in a real earth-
quake. But it cannot do this alone: it must be told how to move. It was 
noted above that three methods are available for inputting the desired 
motion characteristicso First, an osci llator which is mounted in the 
control panel can produce the desired signal at the desired frequency for 
a "steady-state
" 
input and this was what was done for the steady-state 
tests carried out. Second, the arbitrary curve follower can fol low hand-
drawn waveforms to generate the desired signal but this procedure is not 
suitable for earthquake simulation; it is more suited to slow-speed tests. 
Finally, a waveform of any shape can be input as acceleration, velocity or 
displacement in analog form on a magnetic tapeo This last method was 
the one followed in the earthquake simulation tests. 
C.3.1 Original Earthquake Data 
There exists no universal or unique earthquake record and even if 
one did exist it would not be necessary to reproduce it down to the minutest 
detail to be able to test a bui lding model and ascertain how it behaveso 
For an earthquake simulation to be considered acceptable~ the reproduced 
acceleration waveform should look reasonably like that of an actual earth-
quake and should contain a sequence of frequencies at the proper ampl itudes 
to affect the test structure as it would be affected in a real earthquake. 
As the original earthquake data, the acceleration histories of 
El Centro (1940)NS and Taft (1952) N21E were used for Input in Series Hand 
F, respectively. 
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C.3.2 Digital to Analog Conversion 
Initially, for Series H, the N-S component of the May 18, 
1940, earthquake of Imperial Val ley recorded at El Centro was double 
integrated with a velocity correction and then plotted as displacement 
versus time compressed by a factor of 8. Darkened manually with a felt 
tip pen, this curve was converted into a voltage signal using a curve fol-
lower equipped with an electric eye and recorded on a PI 6200 tape recorder. 
Although this process produced "acceptable" motion on the platform,'it was 
not considered adequate. The resulting base accelerations are given in 
Figs. 601, 604, 605 and 606. For Series F, the process described below was 
deve loped. 
The digitized earthquake time history was converted into an analog 
signal us ing the IBM 1800 Data Acquisition and Control System connected 
directly to an IBM 360/75 computer. A special program read 2-byte Integers 
representing acceleration (or displacement) histories from a digital tape 
and converted them into voltage pulses at different rates to create different 
time-scale earthquakes (a time-scale of A is the ratio of the original earth-
quake duration to the duration of the simulated earthquake). A Sangamo 3500 
14-channel tape recorder was used in recording the voltage signals sent by 
the IBM 1 800 0 
C.303 Performance of the Simulator 
The analog signals obtained from the process described above were 
"played" into the command module at the desired speed for earthquake simu-
lation. Although the system is equipped to receive acceleration, velocity 
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or displacement signals, the manufacturer recommended the displacement input 
for the fol lowing reasons: 
l. The servoram is control led by a displacement sensor, the LVDT 
mounted inside the ram; 
2. Because of the displacement control of the servoram, any 
acceleration or velocity signal that is input is electronically 
integrated to provide a displacement command. Thus, by in-
putting a displacement signal in the first place, it should be 
possible to avoid problems introduced by the integrating cir-
cuit; 
3. The integrating circuit within the system includes a safety 
device to limit the maximum displacement of the servoram. This 
device may distort the integrated waveform, especially at low 
frequency ranges. 
Despite these reasons, it was decided to try earthquake simulation 
in both the acceleration and the displacement modes for comparison. The 
results have been reported elsewhere (Sozen and Otani, 1970). One of the 
conclusions was that for low time scale ratios, the acceleration input and 
for time scale ratios of five and above the displacement input was preferable. 
The earthquake used in Series F was the N2lE component of the July 21, 1952, 
Tehachapi Mountain earthquake recorded at Taft at a time scale ratio of 5, 
simulated in the displacement mode. Figure C.7 shows the original acceler-
ation record along with the base acceleration recorded during Run No.1 of 
FElo The time axis of the simulated earthquake has been expanded by a ratio 
of five and the maximum acceleration amplitudes of both have been set equal 
to an arbitrary value to allow comparison. From this figure it can be seen 
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that the simulated base motion contains essentially the same waveform and the 
same frequency content as the original accelerogram" However, due to the 
60 Hz noise, the number of zero crossings is greater in the simulated earth-
quakeo 
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FIG. C.3a SERVORAM 
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APPENDIX D. PRESENTATION OF THE STATIC TEST DATA 
D. 1 In t roduc tory Rema rks 
In this appendix, the data recorded during the static tests are 
summarized for each one of the four test frames. Three of the frames were 
of Series H: HS1, HS2 and HS3. The last specimen was equipped with strain 
gages which were located on the columns only, 0.5 in. away from the beam-
column interfaces. The distance between the gages, therefore, was 12.0 in. 
compared with the 13.0-in. free-column height .. The only frame of Series F 
tested, FS1, was also equipped with strain gages but the distance between 
gages was equal to the free height-of the columns, or 26.0 in. for this'case. 
Test frames HSl and HS3 were tested with the same weights attached 
on the top girders as other~specimens of Series H did when tested dynamically; 
HS2 and FS1 had no weights added during testing. The effect of added weight 
on the primary curve has been discussed in Chapter 3. 
D.2 Static Test Data 
The procedure fol lowed in obtaining the data presented herein is 
described in Appendix A which provides a complete description of the experi-
mental program. There was no relative s1 ip of the base of a frame with 
respect to the reference point for the displacement readings in any of the 
tests. No corrections of the measured force-displacement curves were there-
fore required. Out of plane displacements and base girder rotations were 
not measured but the· latter should be minimal in view of the number of bolts 
used to fasten each specimen to the testing set-up (Figo A.B) 0 
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A consistent order of presentation is followed in the figures to 
follow: Figo Dol Indl'cates an the load reversals for HSl (13 cycles) and 
Fige 002 IS the crack pattern shown qualitatively after the final cycle. 
Specimen HS2 was subjected to a total of 56 cycles but not- all of these cycles 
were documented in a step-by-step force-displacement fashion. However, all 
cycles were automatically plotted on an x-y recorder. In Fig. 0.3 those 
cycles for which the data were documented are presented; the cycles which are 
not presented had the displacement limits of the cycle which they precededo 
Hence cycles 3 through 11 had the same d~splacement Hmits of cycle 12; cycles 
13 through 21 had the same displacement limits of cycle 22 and so on, The 
post-test cracking pattern IS shown in Fig. 0.4. 
The force-displacement curves of HS3 are given ~n Flgo 0.5. Crack 
pattern after the final cycie is given In Fig. 0060 Plots of force vs steel 
strain up to the point where maximum force was attained in Cycle Noo 1 on the 
inltia] primary curve are shown in Fig. 0.7. The location of each gage is 
indicated on the same plot. 
The force-displacement curves obtained from the 29 cycles of FSl 
are shown in Figo De8, In Figo 009, the qualitative crack pattern after the 
final cycle is shown. Force vs stee'l strain curves rn the first cycle are 
given in Fig. 0.10 in which the iocation of the gages are also indicatedo 
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APPENDiX E. THE EFFECT OF STRAiN RATE ON STRENGTH 
Eel In t roduc tory Rema rks 
~t was noted in Chapter 3 that the strength of the test frames was 
governed by flexure. Force-displacement relationships were calculated by 
considering the moment capacity of column cross-sections. impl ~cit in such 
a procedure was the assumption that fa~lure due to causes other than flexure 
would not be experienced prior to the development of the full flexural 
strength of a specimen.; !t can be seen from Figs. A.6 and A.7 of Appendix A 
that ties were provided in the coiumns of both Series Hand F to ensure having 
no inclined cracks in the columns; while such cracks did appear in all four 
specimens of Series F, tai !ure was due to flexure. Apparent increases in 
strength observed during dynamic tests' should therefore be attributed matnly 
to the increase in steel strength because of strain rate effects. 
E.2 Effect of Strain Rate on Steel Strength 
it ~s known that materials exhibIt increased strength when subjected 
to rapid loading. This increase in strength due to rapid straining is claimed 
to be a function of the ~ogarithm of the strain rate and increases rather 
slowly, usually 10 to 15 percent for every tenfold increase in the rate of 
strain (Criswel1 y 1970). Table E.l contains the results from a number of 
researchers carried out on the increase;n the lower yi:eld stress of steel 
in tension. The scatter in the entries made into this table reflect in part 
the nonuniform conditions of testing and differences in the properties of 
the materials tested. 
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A certain amount of caution should be exercised, however, before 
attempting to ascertain what possible increase in the strength of frames might 
have been caused by the effect of rapid ]oading. The percent increase values 
indicated ~n Table Eol have been determined for constant strain rates while 
the plot of stra~n vs time of a bar in a given cross section might be ex-
pected to resemble qua~itative)y the form given in Fig. E.lo It is seen that 
strain osci lJates between unequal maxima on the tension and compression sides. 
The slope of the curve yields the rate of the strain at any instant and this 
varies drastically with time. 
The equation of motion of a single-degree-of-freedom oscillator 
given in Eq. 4.1 can be recast into the following form 
. 
:: - C X - P (x) 
o 
(E.1) 
It is seen that in the absence of the damping force term, maximum absolute 
acceleratIon and maximum restoring force (hence relative displacement if the 
force-displacement relationship has positive slope for all values of displace-
ment) would occur simuitaneous'lyo With damping present, however, this may 
not necessarily be the case for the comb'~ned sum of the two force terms on 
the right hand side of Eq. E.l may be greater than p(x) when x ~s a maximum. 
Wi th the re 1 at r ve dis pi acement x a maximum, x mus tbezero as the os c i 11 ator 
momentariiy stops before beglnnlngmot~on in the opposite direction. Since 
at this moment the damping force is also zero, the maximum response acceler-
ation which can be sustained by the oscillator is bounded by the ratio p(x)/m. 
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A study of the plots of observed response (which were discussed 
in Chapters 5 and 6) wi 11 indicate that for a given specimen, maximum re-
acceleration was invariably always accompanied by a displacement maximum 
which may not be the maximum due to the base'l ~ne shift, particularly in 
simulated earthquake tests. ~n Table E.2, the maximum response acceleration 
amplitudes that each one of the seven dynamically tested frames susta~ned 
are listed along with the value of the single-peak displacement at the same 
instant. The inertia force equivalent to the maximum acceleration and that 
obtained from the calculated force-displacement curve (Fig. 3.15 for Series H 
and Figo 30'16 for Series F) for that part~cular displa~ement value are also 
listed in the same table. It is seen that all four dynamically tested speci-
mens of Series H had to sustain inertia forces greater than their "static" 
strengths. For Series F, the inertia forces are explicable in terms of 
computed static strength. 
Specimen HE2 and all specimens of Series F were equipped with 
strain gages the output of which were recorded during the dynamic tests. The 
gages were ruptured 3 however, very early in the fi rst run of each dynami cally 
tested frame and no rel iable strain measurements could be obtained corre-
sponding to the times when maximum accelerations and displacements were 
measurede An idea, admittedly very sketchy, can be formed about what aver-
age rates of sttal n were experienced from Fi gs. Do 7 and 0010 of Appendi x D. 
Assum~ng a total strain differential of 4000 x 10-6 (i .e., the absolute sum 
of the strains in a bar when the cross section where it is located reverses 
between two equal moments of Oppos1te sign) in a half cycle, this variation 
of strain must take place in a time duration dictated either by the frequency 
of the imposed base 'motion (such as in the case of the steady-state tests) 
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or by the instantaneous natural frequency of the frame itself (such as in 
the case of the simulated earthquake tests). Specimens HDl and HD2 were 
subjected to base motions at 16 Hz; the time it took these specimens to com-
plete a half cycle was therefore approximately 0.03 sec. Whi le the instan-
taneous natural frequencies of HEl and HE2 at the time of maximum acceleration 
were roughly 6 and 9 Hz, "the strain differential for bars in these specimens 
-6 
could be expected to have been greater than 4000 x iO because of the greater 
relative dtsplacements attained. A strain rate of O.lO/sec therefore is not 
an unreasonable conjecture. Assuming post-yield stresses increase by the 
same ratio as the lower yield stress for a given rate of strain, an increase 
in strength of 13 to 20 percent could be explained in terms of strain rate 
effects. Although at that time instant when the relative displacement is a 
maximum, the strain rate is zero (with the test frame momentari ly motionless, 
the reinforcing bars are no longer called upon to deform), the cumulative 
effect of the rates of strain experienced unti 1 then apparently are suffi-
cient to cause the increase in strength. 
TABLE E.l STRAIN RATE EFFECT ON LOWER YIELD STRESS OF STEEL IN TENSION 
Reference 
Wright and Hall 
(1964 ) 
Cowell (1965) 
Siess (1962) 
Denton (1967) 
No r r is, eta 1 . , 
(1959 ) 
Newmark-
Ha 1 t iwanger 
(1962) (Air Force 
Des i gn Manua 1) 
Seabo 1 d (1967) 
CRISWELL (1970) 
Strength Increase at Given Strain Rate £ 
0.03/sec O.IO/sec 0.3/sec 1.0/sec Other 
pct pct pct pct pct 
11 15 21 27 
10 13 17 19 
33 
18 
10 14 18 23 
13 20 26 35 
35 47 
Notes 
Low (0.17 pct) carbon steel, lower 
yield point. Data given as 4.5-, 6-, 
8.5-, and ll-ksi strength increase 
-4 
over the strength at E = 10 /sec. 
Yield stress of 40 ksi assumed 
Intermediate grade, lower yield point, 
f = 50.6 ksi at E = 10-3/sec . Machin-y 
ed specimens of 0.505-inch diameter 
As received No.6 intermediate grade 
reinforcement. E = 0.6/sec. Static 
f = 47 ksi y 
Machine No.2 reinforcement. Static 
f = 51.6 ksi. Elastic E = O. 19/sec y 
Design curve for structural steel. 
Data given as time to yield 
Design curve, intermediate grade rein-
forcement. Data given as time to yield 
O. 146-inch-diameter smooth wire. Static 
f = 36 ksi. Ultimate and upper yield y 
increase 12 and 59 percent, respectively, 
at E = 0.3/sec. 
N 
co 
(J"\ 
TABLE E.2 COMPARISON OF MAXIMUM INERTIA FORCES ATTAINED WITH THE COMPUTED STATIC FORCES 
2 3 ~ 5 6 7 8 9 
Speci men Max. Response Ace. Oisp. Time Run No. Fig. Equiv. Inertia IIStatic" Force Eguiv. Force 
Force IIStatic" Force 
9 in. sec. 1 b lb 
HOI 2. ~O 0.210 0.36 6 5.6 1660 1520 1. 09 
HD2 2.64 0.147 0.28 5.8 1820 1480 1. 23 
FOI 2.10 0.716 0.15 4 5.15 9050 9100 0.99 
HEI 2.65 0.720 1. 30 2 6.2 1830 1670~"* 1. 10 tv OJ 
-........J 
HE2 2.44 0.285 0.99 2 6.5 1680 1560 1.08 
FEI 1. 98 0.651 1.92 6.8 8500 9100 0.94 
FE2 1. 94 0.740 1.25 6.13 8350 9250 0.90 
* 
Obtained from Fig. 3.15 for Series H, Fig. 3.16 for Series F for the displacement given in Column 3. 
** Extrapolated value. 
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